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Preface 



This book outlines the basic principles needed to understand the mech- 
anism of explosions by chemical explosives. The history, theory and 
chemical types of explosives are introduced. Thermodynamics, en- 
thalpy, free energy and gas equations are covered so that a basic 
understanding of the chemistry of explosives is underlined. Propellants 
and pyrotechnics also contain explosive mixtures and are briefly intro- 
duced. This book is aimed primarily at ‘A’ level students and new 
graduates who have not previously studied explosive materials, but it 
should prove useful to others as well. I hope that the more experienced 
chemist in the explosives industry looking for concise information on 
the subject will also find this book useful. 

In preparing this book I have tried to write in an easy to understand 
fashion guiding the reader through the chemistry of explosives in a 
simple but detailed manner. Although the reader may think this is a new 
subject he or she will soon find that basic chemistry theories are simply 
applied in understanding the chemistry of explosives. 

No book can be written without the help of other people and I am 
aware of the help I have received from other sources. These include 
authors of books and journals whom I have drawn upon in preparing 
this book. 

I would also like to thank my husband, Shahriar, for his patience, 
understanding and support during the many months of frantic typing. 
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Introduction to Explosives 



DEVELOPMENT OF BLACKPOWDER 

Blackpowder, also known as gunpowder, was most likely the first 
explosive composition. In 220 BC an accident was reported involving 
blackpowder when some Chinese alchemists accidentally made black- 
powder while separating gold from silver during a low-temperature 
reaction. They added potassium nitrate [also known as saltpetre 
(KN0 3 )] and sulfur to the gold ore in the alchemists’ furnace but forgot 
to add charcoal in the first step of the reaction. Trying to rectify their 
error they added charcoal in the last step. Unknown to them they had 
just made blackpowder which resulted in a tremendous explosion. 

Blackpowder was not introduced into Europe until the 13th century 
when an English monk called Roger Bacon in 1249 experimented with 
potassium nitrate and produced blackpowder, and in 1320 a German 
monk called Berthold Schwartz studied the writings of Bacon and began 
to make blackpowder and study its properties. The results of Schwartz’s 
research probably speeded up the adoption of blackpowder in central 
Europe. By the end of the 13th century many countries were using 
blackpowder as a military aid to breach the walls of castles and cities. 

Blackpowder contains a fuel and an oxidizer. The fuel is a powdered 
mixture of charcoal and sulfur which is mixed with potassium nitrate 
(oxidizer). The mixing process was improved tremendously in 1425 
when the Corning, or granulating, process was developed. Heavy wheels 
were used to grind and press the fuels and oxidizer into a solid mass, 
which was subsequently broken down into smaller grains. These grains 
contained an intimate mixture of the fuels and oxidizer, resulting in a 
blackpowder which was physically and ballistically superior. Corned 
blackpowder gradually came into use for small guns and hand grenades 
during the 15th century and for big guns in the 16th century. 
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Blackpowder mills (using the Corning process) were erected at 
Rotherhithe and Waltham Abbey in England between 1554 and 1603. 

The first recording of blackpowder being used in civil engineering was 
during 1548-1572 for the dredging of the River Niemen in Northern 
Europe, and in 1627 blackpowder was used as a blasting aid for recover- 
ing ore in Hungary. Soon, blackpowder was being used for blasting in 
Germany, Sweden and other countries. In England, the first use of 
blackpowder for blasting was in the Cornish copper mines in 1670. 
Bofors Industries of Sweden was established in 1646 and became the 
main manufacturer of commercial blackpowder in Europe. 

DEVELOPMENT OF NITROGLYCERINE 

By the middle of the 19th century the limitations of blackpowder as a 
blasting explosive were becoming apparent. Difficult mining and tun- 
nelling operations required a ‘better’ explosive. In 1846 the Italian, 
Professor Ascanio Sobrero discovered liquid nitroglycerine 
[C 3 H 5 03 (N 0 2 ) 3 ]. He soon became aware of the explosive nature of 
nitroglycerine and discontinued his investigations. A few years later the 
Swedish inventor, Immanuel Nobel developed a process for manufac- 
turing nitroglycerine, and in 1863 he erected a small manufacturing 
plant in Helenborg near Stockholm with his son, Alfred. Their initial 
manufacturing method was to mix glycerol with a cooled mixture of 
nitric and sulfuric acids in stone jugs. The mixture was stirred by hand 
and kept cool by iced water; after the reaction had gone to completion 
the mixture was poured into excess cold water. The second manufactur- 
ing process was to pour glycerol and cooled mixed acids into a conical 
lead vessel which had perforations in the constriction. The product 
nitroglycerine flowed through the restrictions into a cold water bath. 
Both methods involved the washing of nitroglycerine with warm water 
and a warm alkaline solution to remove the acids. Nobel began to 
license the construction of nitroglycerine plants which were generally 
built very close to the site of intended use, as transportation of liquid 
nitroglycerine tended to generate loss of life and property. 

The Nobel family suffered many set backs in marketing nitroglycerine 
because it was prone to accidental initiation, and its initiation in bore 
holes by blackpowder was unreliable. There were many accidental 
explosions, one of which destroyed the Nobel factory in 1864 and killed 
Alfred’s brother, Emil. Alfred Nobel in 1864 invented the metal ‘blasting 
cap’ detonator which greatly improved the initiation of blackpowder. 
The detonator contained mercury fulminate [Hg(CNO) 2 ] and was able 
to replace blackpowder for the initiation of nitroglycerine in bore holes. 
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The mercury fulminate blasting cap produced an initial shock which 
was transferred to a separate container of nitroglycerine via a fuse, 
initiating the nitroglycerine. 

After another major explosion in 1866 which completely demolished 
the nitroglycerine factory, Alfred turned his attentions into the safety 
problems of transporting nitroglycerine. To reduce the sensitivity of 
nitroglycerine Alfred mixed it with an absorbent clay, ‘Kieselguhr’. This 
mixture became known as ghur dynamite and was patented in 1867. 

Nitroglycerine (1.1) has a great advantage over blackpowder since it 
contains both fuel and oxidizer elements in the same molecule. This 
gives the most intimate contact for both components. 

H 

H-(t:-0-N0 2 

I 

h-c-o-no 2 

h-c-o-no 2 

I 1 

H 

( 1 . 1 ) 

Development of Mercury Fulminate 

Mercury fulminate was first prepared in the 17th century by the 
Swedish-German alchemist, Baron Johann Kunkel von Lowenstern. 
He obtained this dangerous explosive by treating mercury with nitric 
acid and alcohol. At that time, Kunkel and other alchemists could not 
find a use for the explosive and the compound became forgotten until 
Edward Howard of England rediscovered it between 1799 and 1800. 
Howard examined the properties of mercury fulminate and proposed its 
use as a percussion initiator for blackpowder and in 1807 a Scottish 
Clergyman, Alexander Forsyth patented the device. 



DEVELOPMENT OF NITROCELLULOSE 

At the same time as nitroglycerine was being prepared, the nitration of 
cellulose to produce nitrocellulose (also known as guncotton) was also 
being undertaken by different workers, notably Schonbein at Basel and 
Bottger at Frankfurt-am-Main during 1845-47. Earlier in 1833, Bracon- 
not had nitrated starch, and in 1838, Pelouze, continuing the experi- 
ments of Braconnot, also nitrated paper, cotton and various other 
materials but did not realize that he had prepared nitrocellulose. With 
the announcement by Schonbein in 1846, and in the same year by 
Bottger that nitrocellulose had been prepared, the names of these two 
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men soon became associated with the discovery and utilization of 
nitrocellulose. However, the published literature at that time contains 
papers by several investigators on the nitration of cellulose before the 
process of Schonbein was known. 

Many accidents occurred during the preparation of nitrocellulose, 
and manufacturing plants were destroyed in France, England and Aus- 
tria. During these years, Sir Frederick Abel was working on the instabil- 
ity problem of nitrocellulose for the British Government at Woolwich 
and Waltham Abbey, and in 1865 he published his solution to this 
problem by converting nitrocellulose into a pulp. Abel showed through 
his process of pulping, boiling and washing that the stability of nitrocel- 
lulose could be greatly improved. Nitrocellulose was not used in mili- 
tary and commercial explosives until 1868 when Abel’s assistant, E.A. 
Brown discovered that dry, compressed, highly-nitrated nitrocellulose 
could be detonated using a mercury fulminate detonator, and wet, 
compressed nitrocellulose could be exploded by a small quantity of dry 
nitrocellulose (the principle of a Booster). Thus, large blocks of wet 
nitrocellulose could be used with comparative safety. 



DEVELOPMENT OF DYNAMITE 

In 1875 Alfred Nobel discovered that on mixing nitrocellulose with 
nitroglycerine a gel was formed. This gel was developed to produce 
blasting gelatine, gelatine dynamite and later in 1888, ballistite, the first 
smokeless powder. Ballistite was a mixture of nitrocellulose, nitroglycer- 
ine, benzene and camphor. In 1889 a rival product of similar composi- 
tion to ballistite was patented by the British Government in the names 
of Abel and Dewar called ‘Cordite’. In its various forms Cordite re- 
mained the main propellant of the British Forces until the 1930s. 

In 1867, the Swedish chemists Ohlsson and Norrbin found that the 
explosive properties of dynamites were enhanced by the addition of 
ammonium nitrate (NH 4 N0 3 ). Alfred Nobel subsequently acquired the 
patent of Ohlsson and Norrbin for ammonium nitrate and used this in 
his explosive compositions. 



Development of Ammonium Nitrate 

Ammonium nitrate was first prepared in 1654 by Glauber but it was not 
until the beginning of the 19th century when it was considered for use in 
explosives by Grindel and Robin as a replacement for potassium nitrate 
in blackpowder. Its explosive properties were also reported in 1849 by 
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Reise and Millon when a mixture of powdered ammonium nitrate and 
charcoal exploded on heating. 

Ammonium nitrate was not considered to be an explosive although 
small fires and explosions involving ammonium nitrate occurred 
throughout the world. 

After the end of World War II, the USA Government began ship- 
ments to Europe of so-called Fertilizer Grade Ammonium Nitrate 
(FGAN), which consisted of grained ammonium nitrate coated with 
about 0.75% wax and conditioned with about 3.5% clay. Since this 
material was not considered to be an explosive, no special precautions 
were taken during its handling and shipment - workmen even smoked 
during the loading of the material. 

Numerous shipments were made without trouble prior to 16 and 17 
April 1947, when a terrible explosion occurred. The SS Grandchamp 
and the SS Highflyer, both moored in the harbour of Texas City and 
loaded with FGAN, blew up. As a consequence of these disasters, a 
series of investigations was started in the USA in an attempt to deter- 
mine the possible causes of the explosions. At the same time a more 
thorough study of the explosive properties of ammonium nitrate and its 
mixtures with organic and inorganic materials was also conducted. The 
explosion at Texas City had barely taken place when a similar one 
aboard the SS Ocean Liberty shook the harbour of Brest in France on 
28 July 1947. 

The investigations showed that ammonium nitrate is much more 
dangerous than previously thought and more rigid regulations govern- 
ing its storage, loading and transporting in the USA were promptly put 
into effect. 



DEVELOPMENT OF COMMERCIAL EXPLOSIVES 

Development of Permitted Explosives 

Until 1870, blackpowder was the only explosive used in coal mining, 
and several disastrous explosions occurred. Many attempts were made 
to modify blackpowder; these included mixing blackpowder with ‘cool- 
ing agents’ such as ammonium sulfate, starch, paraffin, etc., and placing 
a cylinder filled with water into the bore hole containing the black- 
powder. None of these methods proved to be successful. 

When nitrocellulose and nitroglycerine were invented, attempts were 
made to use these as ingredients for coal mining explosives instead of 
blackpowder but they were found not to be suitable for use in gaseous 
coal mines. It was not until the development of dynamite and blasting 
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gelatine by Nobel that nitroglycerine-based explosives began to domi- 
nate the commercial blasting and mining industries. The growing use of 
explosives in coal mining brought a corresponding increase in the 
number of gas and dust explosions, with appalling casualty totals. Some 
European governments were considering prohibiting the use of explo- 
sives in coal mines and resorting to the use of hydraulic devices or 
compressed air. Before resorting to such drastic measures, some govern- 
ments decided to appoint scientists, or commissions headed by them, to 
investigate this problem. Between 1877 and 1880, commissions were 
created in France, Great Britain, Belgium and Germany. As a result of 
the work of the French Commission, maximum temperatures were set 
for explosions in rock blasting and gaseous coal mines. In Germany and 
England it was recognized that regulating the temperature of the ex- 
plosion was only one of the factors in making an explosive safe and that 
other factors should be considered. Consequently, a testing gallery was 
constructed in 1880 at Gelsenkirchen in Germany in order to test the 
newly-developed explosives. The testing gallery was intended to imitate 
as closely as possible the conditions in the mines. A Committee was 
appointed in England in 1888 and a trial testing gallery at Hebburn 
Colliery was completed around 1890. After experimenting with various 
explosives the use of several explosive materials was recommended, 
mostly based on ammonium nitrate. Explosives which passed the tests 
were called ‘permitted explosives’. Dynamite and blackpowder both 
failed the tests and were replaced by explosives based on ammonium 
nitrate. The results obtained by this Committee led to the Coal Mines 
Regulation Act of 1906. Following this Act, testing galleries were con- 
structed at Woolwich Arsenal and Rotherham in England. 



Development of ANFO and Slurry Explosives 

By 1913, British coal production reached an all-time peak of 287 million 
tons, consuming more than 5000 tons of explosives annually and by 
1917, 92% of these explosives were based on ammonium nitrate. In 
order to reduce the cost of explosive compositions the explosives indus- 
try added more of the cheaper compound ammonium nitrate to the 
formulations, but this had an unfortunate side effect of reducing the 
explosives’ waterproofness. This was a significant problem because 
mines and quarries were often wet and the holes drilled to take the 
explosives regularly filled with water. Chemists overcame this problem 
by coating the ammonium nitrate with various inorganic powders 
before mixing it with dynamite, and by improving the packaging of the 
explosives to prevent water ingress. Accidental explosions still occurred 
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involving mining explosives, and in 1950 manufacturers started to de- 
velop explosives which were waterproof and solely contained the less 
hazardous ammonium nitrate. The most notable composition was 
ANFO (Ammonium Nitrate Fuel Oil). In the 1970s, the USA companies 
Ireco and DuPont began adding paint-grade aluminium and mono- 
methylamine nitrate (MAN) to their formulations to produce gelled 
explosives which could detonate more easily. More recent developments 
concern the production of emulsion explosives which contain droplets 
of a solution of ammonium nitrate in oil. These emulsions are water- 
proof because the continuous phase is a layer of oil, and they can readily 
detonate since the ammonium nitrate and oil are in close contact. 
Emulsion explosives are safer than dynamite, and are simple and cheap 
to manufacture. 

DEVELOPMENT OF MILITARY EXPLOSIVES 
Development of Picric Acid 

Picric acid [(trinitrophenol) (C 6 H 3 N 3 0 7 )] was found to be a suitable 
replacement for blackpowder in 1885 by Turpin, and in 1888 black- 
powder was replaced by picric acid in British munitions under the name 
Liddite. Picric acid is probably the earliest known nitrophenol: it is 
mentioned in the alchemical writings of Glauber as early as 1742. In the 
second half of the 19th century, picric acid was widely used as a fast dye 
for silk and wool. It was not until 1830 that the possibility of using picric 
acid as an explosive was explored by Welter. 

Designolle and Brugere suggested that picrate salts could be used as a 
propellant, while in 1871, Abel proposed the use of ammonium picrate 
as an explosive. In 1873, Sprengel showed that picric acid could be 
detonated to an explosion and Turpin, utilizing these results, replaced 
blackpowder with picric acid for the filling of munition shells. In Russia, 
Panpushko prepared picric acid in 1894 and soon realized its potential 
as an explosive. Eventually, picric acid (1.2) was accepted all over the 
world as the basic explosive for military uses. 



OH 
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Picric acid did have its problems: in the presence of water it caused 
corrosion of the shells, its salts were quite sensitive and prone to acci- 
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dental initiation, and picric acid required prolonged heating at high 
temperatures in order for it to melt. 



Development of Tetryl 

An explosive called tetryl was also being developed at the same time as 
picric acid. Tetryl was first prepared in 1877 by Mertens and its struc- 
ture established by Romburgh in 1883. Tetryl (1.3) was used as an 
explosive in 1906, and in the early part of this century it was frequently 
used as the base charge of blasting caps. 




Development of TNT 

Around 1902 the Germans and British had experimented with trinitro- 
toluene [(TNT) (C 7 H 5 N 3 0 6 )], first prepared by Wilbrand in 1863. The 
first detailed study of the preparation of 2,4,6-trinitrotoluene was by 
Beilstein and Kuhlberh in 1870, when they discovered the isomer 2,4,5- 
trinitrotoluene. Pure 2,4,6-trinitrotoluene was prepared in 1880 by 
Hepp and its structure established in 1883 by Claus and Becker. The 
manufacture of TNT began in Germany in 1891 and in 1899 aluminium 
was mixed with TNT to produce an explosive composition. In 1902, 
TNT was adopted for use by the German Army replacing picric acid, 
and in 1912 the US Army also started to use TNT. By 1914, TNT (1.4) 
became the standard explosive for all armies during World War I. 

o 2 n 



( 1 . 4 ) 

Production of TNT was limited by the availability of toluene from 
coal tar and it failed to meet demand for the filling of munitions. Use of a 
mixture of TNT and ammonium nitrate, called amatol, became wide- 
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spread to relieve the shortage of TNT. Underwater explosives used the 
same formulation with the addition of aluminium and was called 
aminal. 



Development of Nitroguanidine 

The explosive nitroguanidine was also used in World War 1 by the 
Germans as an ingredient for bursting charges. It was mixed with 
ammonium nitrate and paraffin for filling trench mortar shells. Nitro- 
guanidine was also used during World War II and later in triple-base 
propellants. 

Nitroguanidine (CH 4 N 4 0 2 ) was first prepared by Jousselin in 1877 
and its properties investigated by Vieille in 1901. In World War I 
nitroguanidine was mixed with nitrocellulose and used as a flashless 
propellant. However, there were problems associated with this composi- 
tion; nitroguanidine attacked nitrocellulose during its storage. This 
problem was overcome in 1937 by the company Dynamit AG who 
developed a propellant composition containing nitroguanidine called 
‘Gudol Pulver. Gudol Pulver produced very little smoke, had no evi- 
dence of a muzzle flash on firing, and was also found to increase the life 
of the gun barrel. 

After World War I, major research programmes were inaugurated to 
find new and more powerful explosive materials. From these program- 
mes came cyclotrimethylenetrinitramine [(RDX) (C 3 H 6 N 6 0 6 )] also 
called Cyclonite or Hexogen, and pentaerythritol tetranitrate [(PETN) 

(c s h 8 n 4 o 12 )]. 



Development of PETN 

PETN was first prepared in 1894 by nitration of pentaerythritol. Com- 
mercial production of PETN could not be achieved until formaldehyde 
and acetaldehyde required in the synthesis of pentaerythritol became 
readily available about a decade before World War II. During World 
War II, RDX was utilized more than PETN because PETN was more 
sensitive to impact and its chemical stability was poor. Explosive com- 
positions containing 50% PETN and 50% TNT were developed and 
called ‘Pentrolit’ or ‘Pentolite’. This composition was used for filling 
hand and anti-tank grenades, and detonators. 



Development of RDX and HMX 

RDX was first prepared in 1899 by the German, Henning for medicinal 
use. Its value as an explosive was not recognized until 1920 by Herz. 
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Herz succeeded in preparing RDX by direct nitration of hexamine, but 
the yields were low and the process was expensive and unattractive for 
large scale production. Hale, at Picatinny Arsenal in 1925, developed a 
process for manufacturing RDX which produced yields of 68%. How- 
ever, no further substantial improvements were made in the manufac- 
ture of RDX until 1940 when Meissner developed a continuous method 
for the manufacture of RDX, and Ross and Schiessler from Canada 
developed a process which did not require the use of hexamine as a 
starting material. At the same time, Bachmann developed a manufactur- 
ing process for RDX (1.5) from hexamine which gave the greatest yield. 

no 2 

/ N \ 

h 2 c xii 2 

o 2 n-n^ n-no 2 
ch 2 

( 1 . 5 ) 

Bachmann’s products were known as Type B RDX and contained a 
constant impurity level of 8-12%. The explosive properties of this 
impurity were later utilized and the explosive HMX, also known as 
Octogen, was developed. The Bachmann process was adopted in Cana- 
da during World War II, and later in the USA by the Tennes- 
see-Eastman Company. This manufacturing process was more econ- 
omical and also led to the discovery of several new explosives. A 
manufacturing route for the synthesis of pure RDX (no impurities) was 
developed by Brockman, and this became known as Type A RDX. 

In Great Britain the Armament Research Department at Woolwich 
began developing a manufacturing route for RDX after the publication 
of Herz’s patent in 1920. A small-scale pilot plant producing 75 lbs of 
RDX per day was installed in 1933 and operated until 1939. Another 
plant was installed in 1939 at Waltham Abbey and a full-scale plant was 
erected in 1941 near Bridgewater. RDX was not used as the main filling 
in British shells and bombs during World War II but was added to TNT 
to increase the power of the explosive compositions. RDX was used in 
explosive compositions in Germany, France, Italy, Japan, Russia, USA, 
Spain and Sweden. 

Research and development continued throughout World War II to 
develop new and more powerful explosives and explosive compositions. 
Torpex (TNT/RDX/aluminium) and cyclotetramethylenetetranit- 
ramine, known as Octogen [(HMX) (C 4 H 8 N 8 O g )], became available at 
the end of World War II. In 1952 an explosive composition called 
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Table 1.1 Examples of explosive compositions used in World War II 



Name 



Composition 



Baronal 
Composition A 
Composition B 
(cyclotol) 

H-6 

Minol-2 

Pentolites 

Picratol 

PIPE 

PTX-1 

PTX-2 

PVA-4 

RIPE 

Tetrytols 

Torpex 



Barium nitrate, TNT and aluminium 

88.3% RDX and 11.7% non-explosive plasticizer 

RDX, TNT and wax 

45% RDX, 30% TNT, 20% aluminium and 5% wax 
40% TNT, 40% ammonium nitrate and 20% 
aluminium 

50% PETN and 50% TNT 

52% Picric acid and 48% TNT 

81% PETN and 19% Gulf Crown E Oil 

30% RDX, 50% tetryl and 20% TNT 

41-44% RDX, 26-28% PETN and 28-33% TNT 

90% RDX, 8% PVA and 2% dibutyl phthalate 

85% RDX and 15% Gulf Crown E Oil 

70% Tetryl and 30% TNT 

42% RDX, 40% TNT and 18% aluminium 



‘Octol’ was developed; this contained 75% HMX and 25% TNT. Moul- 
dable plastic explosives were also developed during World War II; these 
often contained vaseline or gelatinized liquid nitro compounds to give a 
plastic-like consistency. A summary of explosive compositions used in 
World War II is presented in Table 1.1. 



Polymer Bonded Explosives 

Polymer bonded explosives (PBXs) were developed to reduce the sensi- 
tivity of the newly-synthesized explosive crystals by embedding the 
explosive crystals in a rubber-like polymeric matrix. The first PBX 
composition was developed at the Los Alamos Scientific Laboratories 
in USA in 1952. The composition consisted of RDX crystals embedded 
in plasticized polystyrene. Since 1952, Lawrence Livermore Labora- 
tories, the US Navy and many other organizations have developed a 
series of PBX formulations, some of which are listed in Table 1.2. 

HMX-based PBXs were developed for projectiles and lunar seismic 
experiments during the 1960s and early 1970s using Teflon (polytetra- 
fluoroethylene) as the binder. PBXs based on RDX and RDX/PETN 
have also been developed and are known as Semtex. Development is 
continuing in this area to produce PBXs which contain polymers that 
are energetic and will contribute to the explosive performance of the 
PBX. Energetic plasticizers have also been developed for PBXs. 
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Table 1.2 Examples of PBX compositions, where HMX is cyclotetramethylene- 
tetranitr amine (Octogen), HNS is hexanitrostilbene, PETN is 
pentaerythritol tetranitrate, RDX is cyclotrimethylenetrinitramine 
( Hexogen ) and TATB is l,3,5-triamino-2,4,6-trinitrobenzene 



Explosive 


Binder and plasticizer 


HMX 


Acetyl-formyl-2, 2-dinitropropanol (DNPAF) and 
polyurethane 


HMX 


Cariflex (thermoplastic elastomer) 


HMX 


Hydroxy-terminated polybutadiene (polyurethane) 


HMX 


Hydroxy-terminated polyester 


HMX 


Kraton (block copolymer of styrene and ethylene-butylene) 


HMX 


Nylon (polyamide) 


HMX 


Polyester resin-styrene 


HMX 


Polyethylene 


HMX 


Polyurethane 


HMX 


Poly( vinyl) alcohol 


HMX 


Poly(vinyl) butyral resin 


HMX 


Teflon (polytetrafluoroethylene) 


HMX 


Viton (fluoroelastomer) 


HNS 


Teflon (polytetrafluoroethylene) 


PETN 


Butyl rubber with acetyl tributylcitrate 


PETN 


Epoxy resin-diethylenetriamine 


PETN 


Kraton (block copolymer of styrene and ethylene-butylene) 


PETN 


Latex with bis-(2-ethylhexyl adipate) 


PETN 


Nylon (polyamide) 


PETN 


Polyester and styrene copolymer 


PETN 


Poly(ethyl acrylate) with dibutyl phthalate 


PETN 


Silicone rubber 


PETN 


Viton (fluoroelastomer) 


PETN 


Teflon (polytetrafluoroethylene) 


RDX 


Epoxy ether 


RDX 


Exon (polychlorotrifluoroethylene/vinylidine chloride) 


RDX 


Hydroxy-terminated polybutadiene (polyurethane) 


RDX 


Kel-F (polychlorotrifluoroethylene) 


RDX 


Nylon (polyamide) 


RDX 


Nylon and aluminium 


RDX 


Nitro-fluoroalkyl epoxides 


RDX 


Polyacrylate and paraffin 


RDX 


Polyamide resin 


RDX 


Polyisobutylene/Teflon (polytetrafluoroethylene) 


RDX 


Polyester 


RDX 


Polystyrene 


RDX 


Teflon (polytetrafluoroethylene) 


TATB/HMX 


Kraton (block copolymer of styrene and ethylene-butylene) 



Examples of energetic polymers and energetic plasticizers under investi- 
gation are presented in Tables 1.3 and 1.4, respectively. 
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Table 1.3 Examples of energetic polymers 



Common name 


Chemical name 


Structure 


GLYN 

(monomer) 


Glycidyl nitrate 


O 

H 2 (/— CH-CH 2 ON o 2 


polyGLYN 


Poly(glycidyl nitrate) 


ch 2 ono 2 


NIMMO 

(monomer) 


3-Nitratomethyl-3-methyl 

oxetane 


HjC CH 2 0N0 2 

C' 

^CH 2 

\/ 


polyNIMMO 


Poly(3-nitratomethyl-3- 
methyl oxetane) 


H 3 C CH 2 ONOj 

— t-0-CH 2 -C-CH 2 — 1^ 


GAP 


Glycidyl azide polymer 


ch 2 n 3 


AMMO 

(monomer) 


3-Azidomethyl-3-methyl 

oxetane 


h 3 c ch 2 n 3 

\ / 
r 






L. 

Itjff CH. 



PolyAMMO 


Poly(3-azidomethyl-3-methyl 


h 3 c ch 2 n 3 




oxetane) 


r A ATI ATT 1 



f-0-CII 2 -C-CHHi 



BAMO 

(monomer) 



PolyBAMO 

(monomer) 



3,3-Bis-azidomethyl oxetane N 3 H 2 C 



ch 2 n 3 



Poly(3,3-bis-azidomethyl 

oxetane) 



h 2 c ch 2 

N 3 H 2 C^ ^CH 2 N 3 
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Table 1.4 Examples of enercjetic plasticizers 



Common name Chemical name 



Structure 



NENAs 


Alkyl nitratoethyl 


no 2 




nitramines 


r-n-ch 2 -ch 2 ono 2 


EGDN 


Ethylene glycol dinitrate 


o 2 noh 2 c-ch 2 ono 2 



MTN Metriol trinitrate 



ch 2 ono 2 

h 3 c-<!:-ch 2 ono 2 

(taoNO, 



BTTN Butane-l,2,4-triol 

trinitrate 



ono 2 

I 1 

o 2 noh 2 c-ch-ch 2 — CHjONOj 



K10 



Mixture of di- and 
tri-nitroethylbenzene 




BDNPA/F Mixture of 

bis-dinitropropylacetal 

and 

bis-dinitropropylformal 



0 


2N v 


NOj 


o 2 


N 


no 2 




c 


0 


o 


c 




H 


3 C' 


ch 2 ch 2 


ch 2 


ch 3 






and 








o 


2 N, 


no 2 


o 2 


N 


NOj 




c 


o 


,o 


C 




H 


3 C' 


'ch 2 'c 

i 




ck 2 


ch 3 



^H 3 



Heat-resistant Explosives 

More recent developments in explosives have seen the production of 
hexanitrostilbene [(HNS) (C 14 H 6 N 6 0 12 )] in 1966 by Shipp, and 
triaminotrinitrobenzene {(TATB) [(NH 2 ) 3 C 6 (N0 2 ) 3 ]} in 1978 by Ad- 
kins and Norris. Both of these materials are able to withstand relatively 
high temperatures compared with other explosives. TATB was first 
prepared in 1888 by Jackson and Wing, who also determined its solubil- 
ity characteristics. In the 1950s, the USA Naval Ordnance Laboratories 
recognized TATB as a useful heat-resistant explosive, and successful 
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Table 1.5 Examples of explosive molecules under development 



Common name Chemical name Structure 



NTO 5-Nitro-l,2,4-triazol-3-one 



°* r .NH 

hW/- no > 



ADN Ammonium dinitramide 



NH/ 



no 2 

TV 

no 2 



TNAZ 1,3,3-Trinitroazetidine 



no 2 



N 

h 2 c' 'ch 2 
c' 

o 2 n' no 2 



CL-20 



2.4.6.8.10.12- Hexanitro- 

2.4.6.8.10.12- hexa- 
azatetracyclododecane 




small-scale preparations and synthetic routes for large-scale production 
were achieved to give high yields. 

Research and development is continuing into explosive compounds 
which are insensitive to accidental initiation but still perform very well 
when suitably initiated. Examples of explosive molecules under 
development are presented in Table 1.5. 

Finally, a summary of the significant discoveries in the history of 
explosives throughout the world is presented in Table 1.6. 
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Table 1.6 Some significant discoveries in the history of incendiaries, fireworks, 
blackpowder and explosives 



Date Explosive 



220 BC Chinese alchemists accidentally made blackpowder. 

222-235 AD Alexander VI of the Roman Empire called a ball of quicklime 
and asphalt ‘automatic fire’ which spontaneously ignited on 
coming into contact with water. 

690 Arabs used blackpowder at the siege of Mecca. 

940 The Chinese invented the ‘Fire Ball’ which is made of an 

explosive composition similar to blackpowder. 

1040 The Chinese built a blackpowder plant in Pein King. 

1169-1189 The Chinese started to make fireworks. 

1249 Roger Bacon first made blackpowder in England. 

1320 The German, Schwartz studied blackpowder and helped it to 

be introduced into central Europe. 

1425 Corning, or granulating, process was developed. 

1627 The Elungarian, Kaspar Weindl used blackpowder in blasting. 

1646 Swedish Bofors Industries began to manufacture blackpowder. 

1654 Preparation of ammonium nitrate was undertaken by Glauber. 

1690 The German, Kunkel prepared mercury fulminate. 

1742 Glauber prepared picric acid. 

1830 Welter explored the use of picric acid in explosives. 

1838 The Frenchman, Pelouze carried out nitration of paper and 

cotton. 

1846 Schonbein and Bottger nitrated cellulose to produce 

guncotton. 

1846 The Italian, Sobrero discovered liquid nitroglycerine. 

1849 Reise and Millon reported that a mixture of charcoal and 

ammonium nitrate exploded on heating. 

1863 The Swedish inventor, Nobel manufactured nitroglycerine. 

1863 The German, Wilbrand prepared TNT. 

1864 Schultze prepared nitrocellulose propellants. 

1864 Nitrocellulose propellants were also prepared by Vieile. 

1864 Nobel developed the mercury fulminate detonator. 

1865 An increase in the stability of nitrocellulose was achieved by 
Abel. 

1867 Nobel invented Dynamite. 

1867 The Swedish chemists, Ohlsson and Norrbin added 
ammonium nitrate to dynamites. 

1868 Brown discovered that dry, compressed guncotton could be 
detonated. 

1868 Brown also found that wet, compressed nitrocellulose could be 

exploded by a small quantity of dry nitrocellulose. 

1871 Abel proposed that ammonium picrate could be used as an 

explosive. 

1873 Sprengel showed that picric acid could be detonated. 

1875 Nobel mixed nitroglycerine with nitrocellulose to form a gel. 



Continued 
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Table 1.6 Continued 

Date Explosive 

1877 Mertens first prepared tetryl. 

1879 Nobel manufactured Ammoniun Nitrate Gelatine Dynamite. 

1880 The German, Hepp prepared pure 2,4,6-trinitrotoluene (TNT). 

1883 The structure of tetryl was established by Romburgh. 

1883 The structure of TNT was established by Claus and Becker. 

1885 Turpin replaced blackpowder with picric acid. 

1888 Jackson and Wing first prepared TATB. 

1888 Picric acid was used in British Munitions called Liddite. 

1888 Nobel invented Ballistite. 

1889 The British scientists, Abel and Dewar patented Cordite. 

1891 Manufacture of TNT began in Germany. 

1894 The Russian, Panpushko prepared picric acid. 

1894 Preparation of PETN was carried out in Germany. 

1899 Preparation of RDX for medicinal use was achieved by 

Henning. 

1899 Aluminium was mixed with TNT in Germany. 

1900 Preparation of nitroguanidine was developed by Jousselin. 

1902 The German Army replaced picric acid with TNT. 

1906 Tetryl was used as an explosive. 

1912 The US Army started to use TNT in munitions. 

1920 Preparation of RDX by the German, Herz. 

1925 Preparation of a large quantity of RDX in the USA. 

1940 Meissner developed the continuous method for the 

manufacture of RDX. 

1940 Bachmann developed the manufacturing process for RDX. 

1943 Bachmann prepared HMX. 

1952 PBXs were first prepared containing RDX, polystyrene and 

dioctyl phthalate in the USA. 

1952 Octols were formulated. 

1957 Slurry explosives were developed by the American, Cook. 

1966 HNS was prepared by Shipp. 

1970 The USA companies, Ireco and Dupont produced a gel 

explosive by adding paint-grade aluminium and MAN to 
ANFO. 

Adkins and Norris prepared TATB. 



1978 
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Classification of Explosive Materials 



EXPLOSIONS 

An explosion occurs when a large amount of energy is suddenly re- 
leased. This energy may come from an over-pressurized steam boiler, or 
from the products or a chemical reaction involving explosive materials, 
or from a nuclear reaction which is uncontrolled. In order for an 
explosion to occur there must be a local accumulation of energy at the 
site of the explosion which is suddenly released. This release of energy 
can be dissipated as blast waves, propulsion of debris, or by the emission 
of thermal and ionizing radiation. 

These types of explosion can be divided into three groups; physical 
explosions such as the over-pressurized steam boiler, chemical ex- 
plosions as in the chemical reactions of explosive compositions, and 
atomic explosions. 



Atomic Explosions 

The energy produced from an atomic or nucleat explosion is a million to 
a billion times greater than the energy produced from a chemical 
explosion. The shockwaves from an atomic. explosion are similar to 
those produced by a chemical explosion but will last longer and have a 
higher pressure in the positive pulse and a ioWet pressure in the negative 
phase. The heavy flux of neutrons produced from an atomic explosion 
would be fatal to anybody near the explosion, whereas those who are 
some distance from the explosion would be harmed by the gamma 
radiation. Atomic explosions also emit intense infra-red and ultra-violet 
radiation. 



Classification of Ex i' 1 • 
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Physical Explosions 

A physical explosion can arise when a substance whilst being com- 
pressed undergoes a rapid physical transformation. At the same time, 
the potential energy of the substance is rapidly transformed into kinetic 
energy, and its temperature rises rapidly, resulting in the production of a 
shockwave in the surrounding medium. 

An example of a physical explosion is the eruption of the Krakatoa 
volcano in 1883. During this eruption a large quantity of molten lava 
spilled into the ocean causing about 1 cubic mile of sea water to 
vapourize. This rapid vaporization created a blast wave which could by 
heard Up to 3000 miles away. 

Chemical Explosions 

A chemical explosion is the result of a chemical reaction or change of 
state which occurs over an exceedingly short space of time with the 
generation of a large amount or heat and generally a large quantity of 
gas. Chemical explosions are produced by compositions which contain 
explosive compounds and which are compressed together but do not 
necessarily need to be confined. During a chemical explosion an ex- 
tremely rapid exothermic transformation takes place resulting in the 
formation of very hot gases and vapours. Owing to the extreme rapidity 
of the reaction (one-hundredth of a second), the gases do not expand 
instantaneously but remain for a fraction of a second inside the con- 
tainer occupying the volume that was once occupied by the explosive 
charge. As this space is extremely small and the temperature of ex- 
plosion is extremely high (several thousands of degrees), the resultant 
pressure is therefore very high (several hundreds of atmospheres) high 
enough to produce a 'blast wave’ which will break the walls of the 
container and cause damage to the surrounding objects. If the blast 
wave is strong enough, damage to distant objects can also occur. 

The types of explosion described in this book are based on (he 
explosions caused by the chemical reaction of explosive compositions. 

CHEMICAL EXPLOSIVES 

The majority of substances which are classed as chemical explosives 
generally contain oxygen, nitrogen and oxidizable elements (fuels) such 
as carbon and hydrogen. The oxygen is generally attached to nitrogen, 
as in the groups NO, N0 2 and NO-,. The exception to this rule are 
azides, such as lead azide (PbN 6 ), and nitrogen compounds such as 
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nitrogen triiodide (NI 3 ) and azoimide (NH 3 NI 3 ), which contain no 
oxygen. 

In the event of a chemical reaction, the nitrogen and oxygen mol- 
ecules separate and then unite with the fuel components as shown in 
Reaction 2.1. 



3CO + 3HjO + 3N, 



o 2 n-n x ^n-no 2 
ch 2 



During the reaction large quantities of energy are liberated, generally 
accompanied by the evolution of hot gases. The heat given out during 
the reaction (heat of reaction) is the difference between the heat required 
to break up the explosive molecule, into its elements and the heat 
released on recombination of these elements to form C0 2 , H 2 O t N 2 , etc. 

i ' [. >|! b. Jin-. 

*}l • 

Classification of Chemical Explosives 

. •' *>d ■ 

Classification of explosives has been undertaken by many scientists 
throughout this century, and explosives It&ve been classified with re- 
spect to their chemical nature and to their performance and uses. 
Chemical explosives can be divided into two groups depending on their 
chemical nature; those that are classed as substances which are explos- 
ive, and those that are explosive, mixtUre$jSuch as blackpowder. 

Substances that are explgsi$s contain .molecular groups which have 
explosive properties. Examp^s„bf these molecular groups are: 

(1) nitrocompounds; '■ ’V / 

(2) nitric esters; ' ** rf3,rfw f ih » 

(3) nitramines; 

(4) derivatives of chloric and berchforfc actbs; 

(5) azides; 

(6) various compounds capable of producing an explosion, for example, 

fulminates, acetylides, nitrogen-richicbmpounds such as tetrazene, 
peroxides and ozonides, etcrt llMT? t 

I'.i; *’.rj i fovra* ; > 

A systematic approach to the' relationship between the explosive 
properties of a molecule and its structure, was proposed by van’t Hoff in 
1909 and Piets in 1953. According to, Piets/ the explosive properties of 
any substance depend upon the presence of definite structural group- 
ings. Piets divided explosives into eight classes as shown in Table 2.1. 
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Table 2.1 Classification of explosive substances by their molecular groups 
Group Explosive compounds 

— 0-0- and 

-0-0-0- Inorganic and organic peroxides and ozonides 

-0CI0 2 and -0CI0 3 Inorganic and organic chlorates and perchlorates 

— N— X 2 Where X is a halogen 

N0 2 and — ONO, Inorganic and organic substances 

— N=N— and 

-N=N=N- Inorganic and organic azides 

— N=C Fulminates 

-C =C- Acetylene and metal acetylides 

M — C Metal bonded with carbon in some organomctallic 

compounds 

Classifying explosives by the presence of certain molecular groups 
does not give any information on the performance of the explosive. A far 
better way of classification is by performance and uses. Using this 
classification, explosives can be divided into three classes; (i) primary 
explosives, (ii) secondary explosives, and (iii) propellants as shown in 
Figure 2.1. 

PRIMARY EXPLOSIVES 

Primary explosives (also known as primary high explosives) differ from 
secondary explosives in that they undergo a very rapid transition from 
burning to detonation and have the ability to transmit the detonation to 
less sensitive explosives. Primary explosives will detonate when they are 
subjected to heat or shock. On detonation the molecules in the explosive 
dissociate and produce a tremendous amount of heat and/or shock. This 
will in turn initiate a second, more stable explosive. For these reasons, 
they are used in initiating devices. The reaction scheme for the decom- 
position of the primary explosive lead azide is given in Reaction 2.2. 

VzPbN* -4 YiPb 1 * + Nj" -> '/ 2 Pb + N 2 + N (2.2) 

This reaction is endothermic, taking in 21 3 kJ of energy. According to 
Reaction 2.2, one atom of nitrogen is expelled from the N, ion. This 
nitrogen then reacts with another N, ion to form two molecules of 
nitrogen as shown in Reaction 2.3. 

14PbN fi + N -> ViPb 2 * + Nj- + N -* ViPb + 2N 2 (2.3) 

Reaction 2.3 is highly exothermic, producing 657 k.l of energy. The 
decomposition of one N, group may involve 2 3 neighbouring N,‘ 
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groups. If these groups decompose simultaneously, the decomposition 
of 22 N; ions may occur. Thus the rapid transition of lead azide to 
detonation may be accounted for by the fact that decomposition of a 
small number of molecules of lead azide may induce an explosion in a 
sufficiently large number or N 3 ~ ions to cause the explosion of the whole 
mass. 

Primary explosives differ considerably in their sensitivity to heat and 
in the amount of heat they produce on detonation. The heal and shock 
on detonation can vary but is comparable to that for secondary explo- 
sives. Their detonation velocities are in the range of 3500-5500 m s 1 

Primary explosives have a high degree of sensitivity to initiation 
through shock, friction, electric spark or high temperatures and explode 
whether they are confined or unconfined. Typical primary explosives 
which are widely used are lead azide, lead styphnate (trinilroresorci- 
nate), lead mononitroresorcinate (LMNR), potassium dinitrobenzo- 
furozan (KDNBF), barium styphnate and potassium perchlorate. Other 
primary explosive materials which are not frequently used today are 
mercury azide, potassium chlorate and mercury fulminate. 

SECONDARY EXPLOSIVES 

Secondary explosives (also known as high explosives) differ from pri- 
mary explosives in that they cannot be detonated readily by heal or 
shock and are generally more powerful than primary explosives. Sec- 
ondary explosives are less sensitive than primary explosives and can 
only be initialed to detonation by the shock produced by the explosion 
of a primary explosive. On initiation, the secondary explosive composi- 
tions dissociate almost instantaneously into other more stable com- 
ponents. An example of this is shown in Reaction 2.4. 

CjH*N„0„ 3CO + 311,0 + 3N 2 (2 . 4) 

RDX(C 3 H 6 N 6 0 6 ) will explode violently if stimulated with a primary 
explosive. The molecular structure breaks down on explosion leaving, 
momentarily, a disorganized mass of atoms. These immediately recom- 
bine to give predominantly gaseous products evolving a considerable 
amount of heat. The detonation is so fast that a shockwave is generated 
that acts on its surroundings with great brisance (or shattering effect) 
before the pressure of the exerted gas can take effect. 

Some secondary explosives ate so stable that rifle bullets can be fired 
through them or they can be set on fire without detonating. The more 
stable explosives which detonate at very high velocities exert a much 
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greater force during their detonation than the explosive materials used 
to initiate them. Values of their detonation velocities are in the range of 
55.00-9000 ms -1 . < » ..it M i.»! ' 

Examples of secondary explosives are TNT, tetryl, picric acid, nitro- 
cellulose, nitroglycerine, nitroguanidine, RDX, HMX and TATB. 
Examples of commercial secondary explosives are blasting gelatine, 
guhr dynamite and 60% gelatine dynamite. 

PROPELLANTS 

'll O 

Propellants are combustible materials containing within themselves all 
the oxygen needed for their combustion. Propellants only burn and do 
not explode; burning usually proceeds rather violently and is accom- 
panied by a flame or sparks and a hissing or crackling sound, but not by 
a sharp, loud bang as in the case of detonating explosives. Propellants 
can be initiated by a flame or spark, and change from a solid to a 
gaseous state relatively slowly, i.e. in a matter of milliseconds. Examples 
of propellants are blackpowder, smokeless propellant, blasting explos- 
ives and ammonium nitrate explosives, which do not contain nitro- 
glycerine or other aromatic nitro compounds. 



CHEMICAL DATA ON EXPLOSIVE MATERIALS 



Primary Explosives 
Mercury Fulminate 

j .-<• :• ■ 

Mercury fulminate (C 2 N 2 0. 2 Hg) (2/1) is obtained by treating a solution 
of mercuric nitrate with alcohol in nitric .acid. 

ft* nwo<L» ip inf 

(C=NO),tIg 

'.««■ l (il)’- fcO,-' 

v . 

This reaction, together with i^s pr.pduct^ has. been studied by a number 
of chemists, including Liebig, ^whdj ga^e an account of the elementary 
chemical composition of fulmmate.^n^l 8 23 a ; The mechanism of the 
reaction which results in the formatipil^of mercury fulminate was re- 
ported by Wieland and by .Sojoninajp! ; I l 9j5g and 1910, respectively. 

The most important explosive property, of, mercury fulminate is that 
after initiation it will easily detonatej On .detonation, it decomposes to 
stable products as shown in Reaction 2.5. 



(CNO)jHg -+ 2CO + N 2 + Hg 



(2.5) 



Classification of F, \j .u M.iti i i.<!< 
Table 2.2 Properties ij mercury fulminate 
Characteristics 



is 



Explosive material 



Colour 

Molecular weight 
Decomposition temperature/' C 
Thermal ignition temperature C 
Crystal density at 20 "C/gcm ’ 

Energy of formation/kJ kg' 1 
Enthalpy of formation/kJ kg' 1 

Mercury fulminate is sensitive to impact and Iriction, and is easily 
detonated by sparks and flames. Il is desensitised by the addition of 
water but is very sensitive to sunlight and decomposes with the evo- 
lution of gas. Some of the properties of mercury fulminate tire presented 
in Table 2.2. 

Lead Aside 

Lead azide (PbNJ (2.2) was liist prepared bv Curtins in 1X91. 

N=rN + =N " 

/ 

PI) 

X N=N + ==N* 

(2.2) 

Cuftius added lead acetate to a solution of sodium or ammonium azide 
resulting in the formation of lead azide. In 1893, the Prussian Govern- 
ment carried out an investigation into using lead azide as an explosive in 
detonators, when a fatal accident occurred and stopped all experimental 
work in this area. No further work was carried out on lead azide until 
1907 when Wohler suggested that lead azide could replace mercury 
fulminate as a detonator. The manufacture of lead azide for military and 
commercial primary explosives did not commence until 1920 because oT 
the hazardous nature of the pure crystalline material. 

Lead azide has a good shelf life in dry conditions, but is unstable in the 
presence of moisture, oxidizing agents and ammonia. It is less sensitive 
to impact than mercury fulminate, but is more sensitive to friction. Lead 
azide is widely used in detonators because of its high capacity for 
initiating other secondary explosives to detonation. On a weight basis, it 



Grey, pale brown or white 

crystalline solid 

284.6 

90 

170 

4.42 

+ 958 

-t 941 
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Table 2.3 Properties of lead azide 



Characteristics 


Explosive material 


Colour 


Colourless to white crystalline 
solid 


Molecular weight 


291.3 


Decomposition tempcrnture/°C 


190 


Thermal ignition temperature/°C 


327-360 


Energy of formation/kJ kg * 1 


+ 1450 


Enthalpy of formalion/kJ kg” 1 
Crystal density at 20 °C/gcm' 3 


+ 1420 


x-fortn orthorhombic 


4.17 


/Lform monoclinic 


4.93 



■ 1 ! .<?i tit 

is superior to mercury fulminate ill this role. However, since lead azide is 
not particularly susceptible to initiation by impact it is not used alone in 
initiator components. Instead, it is used with leadstyphnate and alumin- 
ium (ASA mixtures) for military detonators, in a mixture with tetrazene, 
and in a composite arrangement topped with a more sensitive composi- 
tion. " up " 1 

Lead azide can exist in two allotropic forms; the more stable a-form 
which is orthorhombic, and the /1-form which is monoclinic. The a-form 
is prepared by rapidly stirring a solution Of sodium azide with a solution 
of lead acetate or lead nitrate, whereas the /J-form is prepared by slow 
diffusion of sodium azide in lead nitrate solutions. The //-form has a 
tendency to revert to the a-form when its crystals are added to a solution 
containing either the a-form crystals or a lead salt. If the /1-form crystals 
are left at a temperature of ~ 160°C they will also convert to the a-form. 
Some of the properties of lead azide are presented in Table 2.3. 

''I • \v 

'piu-i 1 ij^r/i (!"•!!. 

1 ■ 'TSt'.lp ’ i " 

Lead Styphnate , 

i it ■ifnrrt i . M 

Lead styphnate (2.3), also knowrtb'fis Head 2,4, 6-trinitroresorcinate 
(C 6 H 3 Nj0 9 Pb), is usually prepared by addtilg a solution of lead nitrate 
to magnesium styphnate. Lead styphnate is practically insoluble in 
water and most organic solvents. It is Very Stable at room- and elevated- 
temperatures (e.g. 75 °C) and is non-hygroscopic. Lead styphnate is 
exceptionally resistant towards nuclear 'radiation and can easily be 
ignited by a flame or electric spark. It is very sensitive to the discharge of 
static electricity and many accidents have occurred during its prepara- 
tion. Attempls have been made to reduce its sensitiveness 1 to static 
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Table 2.4 Properties a! lead styphnate [lead 2A.E-irinitroresorciiuite) 



Characteristics 


Explosive material 


Colour 


Orange-yellow to dark brown 
crystalline solid 


Molecular weight 


468.3 


Decomposition temperature C 


235 


Thermal ignition temperature,/ C 


267 268 


Crystal density at 20"C gent ' 


3.06 


Energy of formation kJ kg 1 


1785 


Enthalpy of formation/kJ kg' 1 


- 1826 



2 - 



Pb 2+ lljO 



(2.3) 

discharge by adding graphite, hut so far this has been unsuccessful and 
lead styphnate continues to be very dangerous to handle. 

Lead styphnate is a weak primary explosive because of its high metal 
content (44.5%) and therefore is not used in the filling of detonators. It is 
used in ignition caps, and in the ASA li e. lead azide, lead styphnate and 
aluminium) mixtures for detonators. Some of its properties are shown in 
Table 2.4. 




NO, 



O 



Silver Azide 

Silver azide (AgN,) (2.4) is manufactured in the same way as lead azide, 
by the action of sodium azide on silver nitrate in an aqueous solution. 



AgN=N + =N 

(2.4) 



' l n this book the term ‘sensitiveness’ is used to describe the response of nil explosive to 
accidental initiation. i.e friction, impact, etc. whereas ’sensitivity’ is used when the 
explosive is initiated bv non accidental methods, i.e. shock from a primary explosive 




28 



Chapter 2 



Table 2.5 Properties of silver azide 



Characteristics 


Explosive material 


Colour 


Fine white crystalline solid 


Molecular weight 


149.9 


Melting lemperaturc/ , 'C 


251 


Thermal ignition tempcralure/°C 


273 


Crystal density at 20 n C/gcm~ 3 


5.1 



Silver azide is slightly hygroscopic and is a very vigorous initiator, 
almost as efficient as lead azide. Like lead azide, silver azide decomposes 
under the influence of ultra-violet irradiation. If the intensity of radi- 
ation is sufficiently high the crystals may explode by photochemical 
decomposition. T he ignition temperature and sensitiveness to impact of 
silver azide are lower than that of lead azide. Some of its properties are 
presented in Table 2.5. , 



Tetrazene 

Tetrazene or tctrazolyl guanyltetrazene hydrate (C 2 H 8 N 10 O) (2.5) was 
first prepared by Hoffmann and Roth in 1910 by the action of a neutral 
solution of sodium nitrite on aminoguanidine salts. In 1921, Rathsburg 
suggested the use of tetrazene in explosive compositions. 



N — N 



V 



N — f</\ 



N— N 



t-N=N-NH-NII-(j-Nll 2 H 2 0 



and/or 



II \-NH-NH— N=*N— C-NH 2 .II 2 0 

/ ' mtjeh/rs 

N Nil ,i .. tfo 'm 

(is); ' ' 

Tetrazene is slightly hygroscopic and stable at ambient temperatures. It 
hydrolyses in boiling water evolving hitrogen gas. Its ignition tempera- 
ture is lower than that for mercury fulminate and it is slightly more 
sensitive to impact than mercury fulminate. 

The detonation properties of tetrazene depend on the density of the 
material, i.e. its compaction. Tetrazene will detonate when it is not 
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2 ‘) 




Characteristics 


E xplosivc material 


Colour 


Light colourless or pale yellow 
crystalline solid 


Molecular weight 


188.2 


Decomposition temperature/ 1 C 


100 


Thermal ignition lempcrature/"( 


140 


Crystal density at 20 C/gcm ' 


1.7 


Energy of formation/kJ kg 1 


+ 1 1 30 


Enthalpy of formation/kJ kg~ 1 


f 1005 



compacted but when pressed it produces a weaker detonation. These 
compaction properties make the transition from burning lo detonation 
very difficult. Therefore, tetrazene is unsuitable Tor filling detonators 
Tetrazene is used in ignition caps where a small amount is added to the 
explosive composition to improve its sensitivity to percussion and fric- 
tion. Some of the propci tics of tetrazene arc given in I able 2 .6. 



Secondary Explosives 
Nitroglycerine 

Nitroglycerine (C 3 II 5 N 3 O q ) (2.6) was first prepared by the Italian, 
Ascanio Sobrero in 1846 by adding glycerol to a mixture oT sulfuric and 
nitric acids. In 1865, a laboratory plant was set up to manufacture 
nitroglycerine by the Nobel family. In 1882, the Boutmy f anchor pro- 
cess for the manufacture erf nitroglycerine was developed in I ranee and 
also adopted in England. 



It 

lt-d-O-NOj 
it c-o-no 2 
it <^'-o-no 2 

It 

(2.6) 

Nitroglycerine is a very powerful secondary explosive with a high 
brisance. i.e. shattering elTect. and it is one of the most important and 
frequently-used components for gelatinous commercial explosives. Ni- 
troglycerine also provides a source of high energy in propellant com- 
positions, and in combination with nitrocellulose and stabilizers it is the 
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Table 2.7 Properties of nitroglycerine 



Characteristics 


Explosive material 


Colour 


Yellow oil 


Molecular weight 


227.1 


Melting temperature/' C 


13 


Thermal ignition leinpcralure/°C 


200 


Density at 20 ' C/gcm* 3 


1.59 


Energy of forination/kJ kg 1 


-1547 


Enthalpy of formation/kJ kg 1 


-1633 



principal component of explosive powders and solid rocket propellants. 

Nitroglycerine is toxic to handle, causes headaches, and yields toxic 
products on detonation. It is insoluble in water but readily dissolves in 
most organic solvents and in a large number of aromatic nitro com- 
pounds, and forms a gel with nitrocellulose. The acid-free product is 
very stable, but exceedingly sensitive to impact. Some of the properties 
of nitroglycerine arc presented In Table 2.7. 

• . » 

Nitrocellulose 

Nitrocellulose (2.7) was discovered tiy C.F. Schdnbeim at Basel and R. 
Bottger at Frankfurt-am-Main during 1845-47,, Hie stability of nitro- 
cellulose was improved by Abel in 1865 and its detonation properties 




• » 'f » 

The name, nitrocellulose does no! refer to a single type of molecular 
compound but is a generic term denoting a family of compounds. The 
customary way to define its composition is to express the nitrogen 
content as a percentage by weight. The number of nitrate groups present 
in nitrocellulose can be calculated using Equation 2.1, where N is the 
percentage of nitrogen calculated from chemical analysis. 
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1400 45N 
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If the structure for the unit cell of cellulose (2.8) is written as 
C u o (OH)j, then nitrocellulose can be written as 

CgH^O^OHyONOj),., where x + y = 3. 




A product containing on average two nitiatc gioups. . i.i. 
[C 6 H 7 0 2 (0H),(0N0 2 ) 2 |. will contain 1111% nitrogen as shown in 

Equation 2.2. 

162N_ 

2 = MOO - 45N 

2(1400 - 457V) = 162 N 
2800 - 90N = 1 62 N 

11.1 = N < 2 - 2 > 

A product containing three nitrate groups, i.e. [C r ,II 7 0 2 (0N0 2 ) 3 ], will 
therefore contain 14.14% nitrogen. In practice, nitrocellulose composi- 
tions used in explosive applications vary from 10 to 13.5% of nitrogen 
Nitrocellulose materials prepared from cotton arc fluffy white solids, 
which do not melt but ignite in the region of 180X. 1 hey are sensitive to 
initiation by percussion or electrostatic discharge and can be desensitiz- 
ed by the addition of water. The thermal stability of nitrocellulose 
decreases with increasing nitrogen content. The chemical stability of 
nitrocellulose depends on the removal of all traces of acid in the manu- 
facturing process. Cellulose is insoluble in organic solvents, whereas 
nitrocellulose dissolves in organic solvents to form a gel. I he gel has 
good physical properties due to the polymeric nature of nitrocellulose. 
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1 a hie 2.8 Properties of nitrocellulose 



Explosive material 



Characteristics 



White fibres 
324.2 + %N/14.14 
Does not melt 
190 

1.67 max value by pressing 



Colour 

Molecular weight of structural unit 
Melting temperature/T 
Thermal ignition lempcrature/°C 
Density at 20 "C/g cm 3 
Energy of forma tion/kJ kg 
13.3% Nitrogen 
13.0% Nitrogen 
12.5% Nitrogen 
12.0% Nitrogen 
1 1.5% Nitrogen 
11.0% Nitrogen 
Enthalpy or Tormation/kJ kg 
13.3% Nitrogen 
13.0% Nitrogen 
12.5% Nitrogen 
12.0% Nitrogen 
1 1.5% Nitrogen 
1 1.0% Nitrogen 



-2483 
-2563 
-2683 
-2811 
-2936 
Ei 3094 



mul is an essential feature of gun propellants, double-base rocket pro- 
pellants, gelatine and semi-gelatlrie^commercial blastmg explosives. 
Some of the properties of nitrocellulose ate presented in Table 2.8. 

. t /M - fWM ff, 

Picric, ricidoty^ 
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Table 2.9 Properties of pic ric acid (2Afi-mni'rophcnol) 

Explosive material 

Characteristics 



Colour 

Molecular weight 
Melting temperature/" C 
Thermal ignition temperature/ T 
Crystal density at 20 C/g cm 

Energy of formation/k.l kg ( 
Enthalpy of formation/kJ kg 



Yellow crystalline solid 

229 I 

122.5 

300 

1.767 

-873.8 

-944.3 



: 

! ' U with regard to the strength and 

* ttt form impact-sensitive metal salts (| cr. . lous process. 

“ ; shells. The filling or mines and grenades was . ‘ icric ackJ 

since relatively high temperatures were needu. q 

Isome ar the pjopertie, of picric acid are presented ,n T able 2.9. 



Tetryl . 

i n 101 also known as 2A6-trinitrophenylmethylmtramme 

1121^ was firsl ob.an.cd by Martens in .877 and its s, rue, nr. 
If- determined by Romburgh in 1 883. 



HjC NOz 
X N 



Tetryl has been used as at. explosive since lSOMf > 

century it was frequently used as the base charge of blast.np I 
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Table 2.10 Properties of tetryl 



Characteristics 


Explosive material 


Colour 


Light yellow crystalline solid 


Molecular weight 


287.1 


Melting lemperature/°C 


129.5 


Decomposition temperature/°C 


130 


Thermal ignition temperalure/°C 


185 


Crystal density at 20°C/gcm' 3 


1.73 


Energy of formation/kJ kg” 1 


+ 195.5 


Enthalpy of formation/kJ kg" 1 


+ 117.7 



now replaced by PETN or RDX. During World War II, it was used as a 
component of explosive mixtures. 

Tetryl is a pale yellow, crystalline solid with a melting temperature of 
129 °C. It is moderately sensitive to initiation by v friction and percussion, 
and is used in the form of pressed j pellets ias primers for explosive 
compositions which are less sensitive to, Initiation. It is slightly more 
sensitive than picric acid, and considerably more sensitive than TNT. 
Tetryl is quite toxic to handle and is now being replaced by RDX and 
wax (called Debrix). Some of the properties of tetryl are presented in 
Table 2.10. 



TNT 

Trinitrotoluene (C 7 H 5 N 3 0 6 ) can exist as six different isomers. The 
isomer that is used in the explosives industry is the symmetrical isomer 
2,4,6-trinitrotoluene (2.11). For convenience, the 2,4,6-isomer will be 
referred to in this book as TNT. 

OjN 



( 2 . 11 ) 

'Mr? J 

TNT was first prepared in 186i by Wilbrand and its isomers dis- 
covered in 1870 by Beilstein and Kuhlberg. Pure TNT (2,4,6-trinitro.- 
toluene isomer) was prepared by Hepp in 1880 and its structure deter- 




Table 2.1 1 Summary of the development <>/ TNT[2A.h-tnnltrotoluene\ 
throughout the 19 th and 20th centuries 



Date 



1837 

1841 

1863 

1870 

1880 

1882 

1883 

1891 

1899 

1900 

1902 





1912 


if 


1913 


2 




!k 

Kv 


1914 




191+ 18 


m 




m 




It 




\ 


1903-40 


i I] 


1939 45 







Developments 



Pelletier and Waller first prepared toluene. 

Mononitrated toluene was prepared. 

Wilbrand prepared crude 1 N I 

Beilstein and Kuhlberg discovered the isomer 

2,4,5-trinitrotolucnc. 

Hepp prepared pure TNT (2,4,6-trinitrotolucnc). 

The 2,3.4-trinitrotoluene isomer prepared. 

Claus and Becker determined structure of 2,4,6-trinitrotolucnc 
TNT was manufactured in Germany. 

Aluminium was added to TNT for use as explosives. 

Improved production of raw materials for TNT therefore 
reducing its cost. 

TNI replaced picric acid in the German Army 
UscofTN I began in the US Army. 

Reduction in price of raw material (nitric acid) by the 
commercialization of the Maher Bosch process for ammonia 
synthesis. 

Will determined structures of isomers 2.3.4- and 
2,4,5-trinitrotolucnc. 

Standard explosive for World War 1. Production limited by 
availability of toluene from coal tar I o relieve shortage. I N I 
was mixed with ammonium nitrate to give amatols, and 
aluminium to produce tritonals. 

TNT was mixed with RDX to give cyclotols. 

During World War II, an improved process was developed for 
producing petroleum naphthas ensuring unlimited quantities 
of toluene. Purification techniques were improved for TNT 
Composites mixtures of TNT PETN, TNT RDX. 

TNT tetryl, TNT ammonium picrate, TNT aluminium, eft., 
were prepared. 

TN I was mixed with HMX to give oclols. 

Shipp prepared HNS from TNT. 

Continuous production of TN I in the USA 
Adkins and Norris prepared TATB from TNT. 



(toned by Claus and Becker in 1 883. The development of TNT through- 
out the 19th and 20th centuries is summarized in Table 2.1 1. 
i|-TNT is almost insoluble in water, sparingly soluble in alcohol and 
Kwtll dissolve in benzene, toluene and acetone. It will darken in sunlight 
is unstable in alkalis and amines. Some of the properties of TNT arc 
^•presented in Table 2.12. 

(isffNT has a number of advantages which have made it widely used in 
Eptmlitary explosives before World War I and up to the present time. 
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t able 2.12 Properties of TNT (2,4, 6-trlnitrotoluene) 
Characteristic j ~ Explosive maieriM 



Colour 

Molecular weight 
Melting temperature/X 
Thermal ignition temperature/X 
Crystal density at 20X/gcm 3 
Energy of rormation/kJ kg 1 
Enthalpy of formation/kJ kg' 1 



Pale yellow crystalline solid 
227.1 
80.8 
300 
1.654 
-184.8 
-261.5 



These include low manufacturing costs and cheap raw materials, safety 
of handling, a low sensitivity to impact and friction, and a fairly high 
explosive power. TNT also has good chemical and thermal stability, low 
volatility and hygroscopicity, good compatibility with other explosives, 
a low melting point for casting, and moderate toxicity. 

TNT is by Tar the most important explosive for blasting charges. It is 
widely used in commercial explosives and is much safer to produce and 
handle than nitroglycerine and picric acid. A lower grade ofTN 1 can be 
used for commercial explosives, whereas the military grade is very pure. 
TNT can be loaded into shells by casting as well as pressing. It can be 
used on its own or by mixing with other components such as am- 
monium nitrate to give amatols, aluminium powder to give tritonal, 
RDX to give cyclonile and composition B. 

One of the major disadvantages of TNT is the exudation (leaching 
out) of the isomers of dinitrotoluenes and trinitrotoluenes. Even a 
minute quantity of these substances can result in exudation. This often 
occurs in the storage of projectiles containing TNT, particularly in the 
summer time. The main disadvantage caused by exudation is the forma- 
tion of cracks and cavities leading to premature detonation and a 
reduction in its density. Migfatiotl of the isomers to the screw thread of 
the fuse will form ‘fire channels’. Theste r fif e channels can lead to acciden- 
tal ignition of the charge. If the migrating products penetrate the deton- 
ating fuse, malfunctioning of the amhulriition components can occtlr. 

• i mp? ef whtBf 1 M 

, • ; ' ,1-dfiV;' ni oH ’ 1 : 

N itrogtianidirie :(>l 

Nitroguanidine (2.1 2), also known as picrite (CH 4 N 4 0 2 ), was first pre- 
pared by Jousselin in 1877 by dissolving dry guanidine nitrate in fuming 
nitric acid and passing nitrous oxide through the solution. T he solution 
was poured into water and a precipitate was obtained which Jousselirl 
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Characteristic* 
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Colour 

Molecular weight 
Melting temperature/X' 
a-form 
/?- form 

Thermal ignition temperature/ C 
Decomposition tempera ture/X 
Crystal density at 20 X’/g cm " 3 
Energy of formalion/kJ kg 1 
Enthalpy of formation/kJ kg 1 



White fibre-like crystalline solid 
104 I 

232 

232 

185 

232 

1.71 

- 773.4 

- 893.0 



called ‘nitrosoguanidine’, but which was later determined to be nitro- 
guanidine by Thiele. 



NII-NOj 



fe/ Nitroguanidine is relatively stable below its melting point but dccom- 
^r^ibses immediately on melting to form ammonia, water vapour and solid 
products. The gases from the decomposition of nitroguanidine arc far 
’ less erosive than gases from other similar explosives. Nitroguanidine is 
. Soluble in hot water and alkalis, and insoluble in ethers and cold water. 
^It'has a high velocity of detonation, a low heat and temperature of 
jj^ekpiosion, and a high density. Some of the properties of nitroguanidine 
^ /are given in Table 2. 1 3. 

fix, Nitroguanidine can be used as a secondary explosive but is also 
^ suitable for use in flashless propellants as it possesses a low heat and 
S ‘emperature of explosion. These propellants contain a mixture of nitro- 
'llftiiidine, nitrocellulose, nitroglycerine and nitrodiethylcneglycol 
latch together form a colloidal gel. Nitroguanidine does not dissolve in 
ie*gel, but becomes embedded as a fine dispersion. This type of col- 
Oidal propellant has the advantage of reducing the erosion of the gun 
t§?rel compared with conventional propellants. 

Bw’ PETN 

BtN (2.13), also k nown as pcnlacry thritol tetranitrate(C 5 H B N 4 0 I2 ), 
Stne most stable and the least reactive of the explosive nitric esters. It is 
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Table 2.16 Properties of HMX ( cyclotetratnelhylenetetranitramine ) 



Characteristics 



Explosive material 



Colour 

Molecular weight 
Melting tcmperature/"C 
Decomposition lemperature/°C 
Thermal ignition tcmperature/' C 
Crystal density at 20°C/gcm 3 
x-form 
/1-form 
y-form 
(5-form 

Energy of formation/kJ kg' 1 
Enthalpy of formation/kJ kg' 1 



White crystalline solid 
296.2 
275 
280 
335 

1.87 

1.96 

1.82 

1.78 

+ 353.8 

+ 252.8 



HMX 

HMX (2.15), also known as Octogen and cyclotetramethylcnetetra- 
nitraminc (C 4 H 8 N g O R ), is a white, crystalline substance which appears 
in four different crystalline forms differing from one another in their 
density and sensitiveness to impact. The /1-form, which is least sensitive 
to impact, is employed in secondary explosives. 

NOj 

HjC^ ^Cllj 

-NOj 

1 
I 

no 2 

(2.15) 

• r * i I i_* ; * ’. i ♦ • * * 

H M X is non-hygroscopic and insoluble in water. It behaves like R DX 
with respect to its chemical reactivity! and solubility in organic solvents. 
However, HMX is more resistant tOiaUablcby.sodium hydroxide and is 
more soluble in 55% nitric acid, and 2-nitrOprdpane than RDX. In some 
instances, HMX needs to be Separated; froth (RDX and the reactions 
described above are employed for thb Separation. As an explosive, HMX 
is superior to RDX in that its ignition temperature is higher and its 
chemical stability is greater; however, the explosive power of HMX is 
somewhat less than RDX. Some of the properties of HMX are presented 
in Table 2.16. 




n* v 

Classification of Explosive Materials 41 




42 



Chapter 2 



Table 2.18 Properties of HNS ( hexanitrostilbene ) 



Characteristics 



Colour 

Molecular weight 
Melting temperature/"C 
Decomposition temperature/°C 
Thermal ignition temperature/' , C 
Crystal density at 20°C/gcm " 3 
Energy of formation/kJ kg" * 
Enthalpy of formation/kJ kg' 1 



Explosive material 



Yellow crystalline solid 

450.1 

318 

318 

325 

1.74 

+ 195 

+ 128.1 



The structure of TATB contains many unusual features. The unit cell 
of TATB consists of molecules arranged in planar sheets. These sheets 
are held together by strong intra- and intermolecular hydrogen bond- 
ing, resulting in a graphite-like lattice structure with lubricating and 
elastic properties as shown in Figure 2.2. * 



HNS [hexanitrostilbene (C 14 H 6 N 6 0 12 )] (2.17) is known as a heat- 
resistant explosive and is also resistant to radiation. It is practically 
insensitive to an electric spark and is less sensitive to impact than tetryl. 
Some of the properties of HNS are shown in Table 2.1 8. 




~V OjN 

i ' 

(2.17) ;n 

J v \ 

HNS is used in heat-resistant bob’s.tebfexplosives and has been used in 
the stage separation in space rockets and (or seismic experiments on the 



x penmen ts on the 



moon. 



!- 



? ,y .l . 

OTHER COMPOUNDS USED IN EXPLOSIVE 
COMPOSITIONS 

There are many other ingredients that are added to explosive compost-, 
tions which in themselves are not explosive but can enhance the power 
of explosives, reduce the sensitivity, and aid processing. AluminiunT 
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Table 2.19 Properties of ammonium nitrate 



I 



Characteristics 



Explosive material 









Colour 

Molecular weight 
Crystal range/T 
a-form tetragonal 
/1-form orthorhombic 
y-form orthorhombic 
5-form orhombohedral or tetragonal 
e-form regular cubic (isometric) 
Melting temperature/' C 
Decom posi t ion tempera 1 u rc/' C 
Thermal ignition temperature/' C 
Crystal density at 20 C/gcm 3 
a-form tetragonal 
/3-form orthorhombic 
, ’/-form orthorhombic 

5-form orhombohedral or tetragonal 
> e-form regular cubic (isometric) 
Energy of Tormation/kJ kg ' 

Enthalpy of formation/kJ kg' 1 



Colourless crystalline solid 
80.0 



- 18 to - 16 
-16 to 32.1 
32.1-84.2 
84.2 125.2 



125.2 169.6 
169.6 



1.710 

1.725 

1.661 

1.666 

1.594 

-4424 

-4563 






3 



I 



y powder is frequently added to explosive and propellant compositions to 
improve their efliciency. Ammonium nitrate (Nll 4 NO,) is used exten- 
j- ^ively in commercial explosives and propellants. It is the most important 
raw material in the manufacture of commercial explosives and it also 
provides oxygen in rocket propellant compositions. Some of the proper- 
’ ties of ammonium nitrate are presented in Table 2. 19. 

Commercial blasting explosives contain ammonium nitrate, wood 



, ; meal, oil and TNT. A mixture of ammonium nitrate, water and oily fuels 



-.?? 
■vjS 



^produces an emulsion slurry which is also used in commercial blasting 
^plosives. Small glass or plastic spheres containing oxygen can be 
lidded to emulsion slurries to increase its sensitivity to detonation, 
plymeric materials can be added to secondary explosives to produce 
ymer bonded explosives (PBXs). The polymers are generally used in 
injunction with compatible plasticizers to produce insensitive PBXs. 
nip* polymers and plasticizers can be in the nitrated form which will 
£^pP6ase the power of the explosive. These nitrated forms are known as 
e/getic polymers and energetic plasticizers. 

Plllegmatizers are added to explosives to aid processing and reduce 
[pact and friction sensitivity of highly sensitive explosives. Phleg- 
lltizers can be waxes which lubricate the explosive crystals and act as a 

binder. 
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Combustion, Deflagration and 
Detonation 



When a loud, sharp bang is heard similar to a grenade or a bomb 
exploding it is known as detonation. If the noise is not as loud as that 
produced by a detonation and is longer in duration and sounds like a 
hissing sound (i.e. the sound of a rocket motor) it is classed as deflagra- 
tion. In many cases these effects are preceded and accompanied by fire. If 
a fire is not accompanied by a thundering noise and ‘blowing up’ of a 
building, it is classed as either burning or combustion. Some explosive 
materials will burn relatively slowly (a few millimetres or centimetres 
per second) if spread on the ground in a thin line. The rate of burning 
will increase and sometimes develops into deflagration or detonation if 
these explosive materials are confined. 

COMBUSTION 

'I* : ’* '* ’ 

Combustion is a chemical reaction! which takes place between a sub- 
stance and oxygen. The chemical reaction is very fast and highly 
exothermic, and is usually accompanied by a flame. The energy gener- 
ated during combustion will raise the temperature of the unreacted 
material and increase its rate of reaction. An example of this phenom- 
enon can be seen when a matchstick is ignited. The initial process on 
striking a match is to create enough friction so that a large amount of 
heat is generated. This heat will locally raise the temperature of the 
match head so that the chemical reaction for combustion is initiated and 
the match head ignites. On ignition of the match head, heat is generated 
and the reactants burn in air with a flame. If the heat is reduced by wind 
blowing or by the wood of the matchstick being wet, the flame will 

extinguish. 

aa 
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Physical and Chemical Aspects of Combustion 

Combustion is a complex process involving many steps which depend 
on the properties of the combustible suhstnnees, At low temperatures, 
oxidation of combustible materials can occur very slowly, without the 
presence of a flame. When the temperature is raised, as for example by 
the application of external heal, the rate of oxidation is increased. If the 
temperature of the reactants is raised to above their ‘ignition tempera- 
ture’, the heat generated will be greater than the heat lost to the 
surrounding medium and a flame will be observed. 1 hus, when a lighted 
match is applied to butane gas the temperature of the gas is raised to the 
ignition point and a flame appears. 



Combustion of Explosives and Propellants 

The combustion process of propellant and explosive substances can be 
defined as a self-sustaining, exothermic, rapid-oxidizing reaction. Pro- 
pellant and explosive substances will liberate a large amount of gas at 
high temperatures during combustion a nil will sclf-suslain the process 
without the presence of oxygen in the surrounding atmosphere. Propel- 
lants and explosives contain both oxidizer and fuel in their composi- 
tions and they are both classed as combustible materials. I lie chemical 
Compositions of propellants and explosives are essentially the same; 
consequently some propellants can be used as explosives, and some 
explosives can be used as propellants. In general, propellants generate 
combustion gases by the deflagration process, whereas explosives gener- 
ate these gases by deflagration or detonation. I lie combustion process 
of propellants is usually subsonic, whereas the combustion process of 
explosives during detonation is supersonic. 



DEFLAGRATION 

A substance is classed as a deflagrating explosive when a small amount 
of it in an unconfined condition suddenly ignites when subjected to a 
flame, spark, shock, friction or high temperatures. Deflagrating explo- 
sives burn faster and more violently than ordinary combustible ma- 
terials. They burn with a flame or sparks, or a hissing or crackling noise. 

■ On initiation of deflagrating explosives, local, finite ‘hotspots’ are 
developed either through friction between the solid particulates, by the 
Compression of voids or bubbles in the liquid component, or by plastic 
flow or the material. This in turn produces heal and volatile intermedi- 
ates which then undergo highly exothermic reactions in the gaseous 



phase. This whole process creates more than enough energy and heat to 
initiate the decomposition and volatilization of newly-exposed surfaces. 
Concomitantly, deflagration is a self-propagating process. 

The rate of deflagration will increase with increasing degree of con- 
finement. For example, a large pile of explosive material will contain 
particles that are confined. As the material undergoes deflagration the 
gases produced from the decomposition of the explosive crystals be- 
come trapped in the pile and thus raise the internal pressure. This in turn 
causes the temperature to rise resulting in an increase in the rate of 
deflagration. 

The rale at which the surface of the composition burns, ‘linear burn 
ing rate’, can be calculated using Equation 3.1, where r is the linear 
burning rate in mm s' ', P is the pressure at the surface of the composi 
tion at a given instant, /? is the burning rate coefficient and <x is the 
burning rate index. 

r = /IP* . (3.1) 

The burning rate coefficient p depends upon the units of r and P , and the 
burning rate index a can be found experimentally by burning explosive 
substances at different pressures P and measuring the linear burning 
rate r. Values for a vary from 0.3 to greater than 1.0. The increase in the 
linear burning rate for a propellant when it is confined in a gun barrel 
can be calculated using Equation 3.1. !r > 

For example, if the linear rate of burning for a typical propellant at 
atmospheric pressure (9.869 N mm " 2 ) in an unconfined state is equal to 
5 mm s' 1 and the burning rate index is 0.528, then the value of p equals 
1.49 mm s“ 1 (N mm ~ 2 ) ,/0,528 as shown in Equation 3.2. 

KV ' ••••(<«■ ' < 

5 = P( 9.869) 0 ' 528 



, 0.528 P 



(9.869) 0,528 

1.49 = P ; (3.2) 

.If * * V V>-. 

.»***! ■ J 

On burning the propellant inside a gun barrel, the pressures increase by. 
4000 times and the linear burning rate is raised to 398 mm s 1 as shown^ 
in Equation 3.3: ; J 

/•= 1.49 x (4000 x 9.869)° 528 



r = 398 mm s 



If a deflagrating explosive is initiated in a confined stale (completely 
enclosed in a casing) the gaseous products will not be able to escape. The 
pressure will increase with consequent rapid increase in the rate of 
deflagration. If the rate of deflagration reaches a value of 1000 1800 
m s' 1 (1000-1800 x 10’ mm s" ') it becomes classed as a ‘low order' 
detonation. If the rate increases to 5000 m s' 1 (5000 x 10' mm s' ') the 
detonation becomes ‘high order'. Therefore, a given explosive may 
behave as a deflagrating explosive when unconfined, and as a detonat- 
ing explosive when confined and suitably initiated. 

The burning of a deflagrating explosive is therefore a surface phenom- 
enon which is similar to other combustible materials, except that explo- 
sive materials do not need a supply of oxygen to sustain the burning. 
The amount of explosive material burning at the surface in a unit of lime 
depends upon the surface area of the burning surface ,1, its density /> and 
the rate at which it is burning r . The mass mi of the explosive consumed 
in unit time can be calculated using Equation 3.4: 

in — rA(> (3.'4) 
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The propagation or an explosion reaction through a deflagrating 
Explosive is therefore based on thermal reactions. lire explosive 
material surrounding the initial exploding site is warmed above its 
decomposition temperature causing it to explode. Explosives such as 
ropellants exhibit this type of explosion mechanism. Transfer of energy 
y thermal means through a temperature difference is a relatively slow 
loceSs and depends very much on external conditions such as ambient 
^pressure. The speed of the explosion process in deflagrating explosives is 
calways subsonic; that is, it is always less than the speed of sound. 



DETONATION 

fi. 

Explosive substances which on initiation decompose via the passage of a 
wave rather than a thermal mechanism arc called detonating 
Xplosives. The velocity of the shockwave in solid or liquid explosives is 
itween 1500 and 9000 ms 1 , an order of magnitude higher than that 
IgT the deflagration process. The rate at which the material decomposes 
governed by the speed at which the material will transmit the shock- 
IVe, not by the rate of heat transfer. Detonation can be achieved either 
jfbutriing to detonation or by an initial shock. 
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Figure 3.1 Burning rate and pressure curves for detonating explosives, where (a) 
* increases to above unity, and (b) a increases further at higher 
pressures 

• irjt* .* - vm 

Burning to Detonation 

Burning to detonation can take place When an explosive substance is 
confined in a tube and ignited at one end. The gas generated from the 
chemical decomposition of the explosive mixture becomes trapped, 
resulting in an increase in pressure at the burning surface; this in turn 
raises the linear burning rate. In detonating explosives the linear burn 
ing rate is raised so high by pressure pulses generated at the burning 
surface that it exceeds the velocity of sound, resulting in a detonation. 
The rise in the linear burning .rate,/-, with increasing pressure P for 
detonating explosives is shown in figure 3.1. The values for r and P are 
derived from Equation 3.1. 

The value for the burning rate^ndex a is less than unity for deflagrat- 
ing explosives. This value Increases to above unity for detonating ex- 
plosives [see Figure 3.1(a)] and. may increase further at higher pressures 
as shown in Figure 3.1(b). Art explosive which detonates in this way will 
show an appreciable delay between the initiation of burning and the 
onset of detonation as shown in; Figure; 3;2{ 

This delay will vary according to the nature of the explosive composi- 
tion, its particle size, density ahd cotidlU&ns of confinement. This prin- 
ciple of burning to detonation ^ utilized^ in delay fuses and blasting 
detonators. 1 •"idd? -rft 



Shock to Detonation 

Explosive substances can also be detonated if they are subjected to a 
high velocity shockwave; this method is often used for the initiation of 
secondary explosives. Detonation of a primary explosive will produce a 
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I ransition from deflagration > 
to detonation I 
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Initiation by 
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' I one delay to detonation 

Figure 3.2 Transition from deflagration to detonation 



^Shockwave which will initiate a secondary explosive if they arc in close 
contact. 1 he shockwave forces the particles to compress, and this gives 
jflSe to adiabatic heating which raises the temperature to above the 
Composition temperature or the explosive material. The explosive 
Ratals undergo an exothermic chemical decomposition which acceler- 
Wes-the shockwave. If the velocity of the shockwave in the explosive 
Boinposition exceeds the velocity of sound, detonation will take place, 
^though imtiatmn to detonation does not take place instantaneously 
iMidelay is negligible, being in microseconds. 



Propagation or the Detonation Shockwave 

^theory of detonation is a very complicated process containing many 
Hgthematical equations and far too complicated to be discussed here. 
Bw|tccount given below is a very simplified qualitative version to give 
ratine basic understanding of the detonation process. 

5* Suppose that a wave similar to a sound wave is produced in a column 

{Ojitaining a gas by moving a piston inwards and outwards as shown in 

figure 3.3. 

iThis sound wave contains regions of rarefactions and compressions, 
raertemperature or the material increases in the compression regions 
ipdthen cools due to adiabatic expansion In an explosive composition 
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Gas under compression 
and expansion 




Piston moving backwards 
and forwards 



Figure 3.3 Compression and expansion of a gas to produce a sound wave 



the compression part of the wave i is sufficiently high to cause the 
temperature to rise above the decomposition temperature of the explo- 
sive crystals. As the explosive crystals decdmpose just behind the wave 
front, a large amount of heat and gds is generated. This in turn raises the J 
internal pressure which contributes to, the. high pressures at the front of 
the wave. These high pressures at the wavefront must be maintained for 
the wave front to move forward.. 

In order for the wave front to' p'ropagafe forward (not laterally) and 
over a considerable distance, the explosive substance should either be 
confined inside a tube or have a.cyiindricaLgeometry. If the diameter of 
the explosive substance is too smaif, distortion of the wave front will 
occur, reducing its velocity and therefore causing the detonation wave 
to fade since the energy loss ‘sideways’ is too great for detonation to be 
supported. Consequently, the diameter of the explosive substance must 
be greater that a certain critical value, characteristic of the explosive 
substance. 

Detonation along a cylindrical pellet of a secondary explosive can b6 
regarded as a self-propagating process in which the axial compression of 
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Explosive — 
composition 




Wave front 
progressing 
forwards 



Figure 3.4 Schematic diagram of the movement of a wave front through the 
explosive composition from (a) to ( h ) to (c) 





I 



I tl] e shockwave changes the slate of the explosive so that exothermic 
r reactions take place. Figure 3.4 shows a schematic diagram for the 
j - progression of a wave front through a cylindrical explosive pellet. 
j» , The shockwave travels through the explosive composition accclcrat- 
|tng all the time with increasing amplitude until it reaches a steady state. 
lyThe conditions for a steady state are when the energy released from the 
SChemical reactions equals (i) the energy lost to the surrounding medium 
fas heat and (ii) the energy used to compress and displace the explosive 
^Crystals. At the steady slate condition the velocity of a detonating wave 
(twill be supersonic. 

pi, On suitable initiation of a homogeneous liquid explosive, such as 
Bj dU idv nitroglycerine, the pressure, temperature, and density will all 
Hu|Cfease to form a detonation wave front. This will take place within a 
E|jr Nerval of the order or magnitude or 1 0 1 2 s. Exothermic chemical 
pactions for the decomposition of liquid nitroglycerine will take place 
Djl^he shockwave Trout. The shockw'avc will have an approximate 
Hmcktiess of 0.2 mm. lowards the end of the shockwave front the 
Pressure will be about 220 kbar. the temperature will be above 3000 °C 
■pittie density of liquid nitroglycerine will be 30% higher than its 
paginal value. 






Elfect of Density on the Velocity of Detonation 



-lor heterogeneous, commercial-type explosives the velocity of deton- 
feUon increases and then decreases as the cornu 
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Detonation 
Velocity 
(km s' 1 ) 




Density (g cm' 3 ) 



!■ igurc 3.5 Change in velocity of detonation as a function of density for a 
secondary explosive, i.e. TNT 



explosive composition increases. The compaction of heterogeneous ex- 
plosives makes the transition from deflagration to detonation very 
difficult. 

For homogeneous, military-type explosives the velocity of detonation 
will increase as the compaction density of the explosive composition 
increases as shown in Figure 3.5 and Table 3.1. 

In order to achieve the maximum velocity of detonation for a homo- 
geneous explosive, it is necessary to consolidate the explosive composi- 
tion to its maximum density. For a crystalline explosive the density of 
compaction will depend upon the consolidation technique (i.e. pressing, 
casting, extrusion, etc.). The limiting density will be the density of 
the explosive crystal. The velocity of detonation can be calculated from 
the density of the explosive composition using Equation 3.5, 



V e i = V P i + 3500 (p, - p 2 ) (3.5) 

’ i jr >'-h 

where V pl and V p2 are the velocities of detonation for densities p , and 
P 2 , respectively. The approximate velocity of detonation can be cal- 
culated using Equation 3.6, 

V px = 430 («r d )'' 2 + 3500 ( Px - 1) (3.6) 



where V p , is the velocity of detonation fora given density of compaction 
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Table 3.1 The effect of density on the velocity of detonation for tlw primary 

explosive, mercury fulminate and secondary explosive . nitroguanidine 



Explosive 
Mercury fulminate 



Density /gem 3 



Detonation velocity/m 5 



Nitroguanidine 



1 able 3.2 A comparison of velocities of detonation for some primary and 
secondary ex plosit es 



i Explosive 

Primary explosives 
, Lead styphnate 

‘ Lead azide 

Mercury fulminate 

Secondary explosives 

HMX 
RDX 
; PETN 
" Picric acid 
ff Nitroguanidine 
*'TATB 

i . Nitroglycerine 

! Nitrocellulose (dry) 

■ Tetryl 

.HNS 

'’TNT 



Density/g cm 



Detonation velocil r/rn s ' 1 



■ Pxin is the number of moles per gram of gaseous products produced 
.from the detonation and 7 d is the approximate temperature in Kelvin at 
Jjf Which the detonation occurs. 

pA comparison of the velocities of detonation for some primary and 
Secondary explosives is presented in fable 3.2. 
gl^From Table 3.2 it can be seen that the velocity of detonation for 
gllecondary explosives is generally higher than that for primary cxplo- 

Bfesives. 
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Figure 3.6 Propagation of a detonation wave illustrating the curved wave front 



Effect of Diameter of the Explosive Composition on the 
Velocity of Detonation 

For a cylindrical pellet of an explosive composition the velocity of v 
detonation will increase as the diameter of the explosive composition l 
increases up to a limiting value. The detonation wave front for a i 
cylindrical pellet at steady state conditions is not flat but convex as J 
shown in Figure 3.6, where D is the axial detonation velocity and DX is J 
the detonation velocity close to the surface of the composition. 

From Figure 3.6 it can be seen that the velocity of detonation gradual- | 
ly diminishes from the centre of the pellet to its surface. For large pellets J 
the surface effects do not affect the velocity of detonation to the same 3 
degree as for small diameter pellets. There will be a finite value for the |i 
diameter of the pellet when the surface effects are so great that the wave M 
front will no longer be stable - this is called the critical diameter. ThisJS 
phenomenon exists for homogeneous military-type explosives only. For JJ 
heterogeneous commercial explosives the velocity of detonation in*|a 
creases with diameter. The reason for the difference in behaviour of* 
homogeneous and heterogeneous explosive compositions is due to the* 
mechanism of detonation. Homogeneous explosives rely on intra-* 
molecular reactions for the propagation of the shockwave, whereas* 
detonation in heterogeneous explosives depends upon intermoleculat^B 
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M Effect of Ex P ,osive Material on the Velocity of Detonation 
raThe detonation process can therefore be regarded is -i „ • 

p^hea ed by a shock-front, which advances with constant velocity D into 

K he unconsumed explosive, and is followed bv a ,one l^diem 
eaction as shown in Figure 3.7. tm c ‘ 

: f'or the detonation wave to proceed forward its velocity in r «. • 

Khe fln "* mUS ‘ f qUal " IC SU,n ° f lhe veloc 'ty <’f sound and the velocity of 
| the flow,n g ex P'^'vc material as shown in liquation 3 7 ’ 

■p*: 

U + 1 (3.7) 

Bw|ereD is the steady state velocity of the wavc front. V is the velocity of 

7 k •? velocity will approach Z 

pte" * -- 

|ater,al const, tutmg the explosive and the material s 



Non-explosive Deflagrating explosive Detonating explosive 

combustible substances substances 

substances 



1 Initiated by (lame, 
spark, high temps 

2 Cannot be initiated 
in the wet state 

3 Needs external 
supply of oxygen 

4 burns with a flame 
without any noise 

5 Burns with little 
generation of gases 

6 Rate of burning 
slower than 
deflagration 

7 Propagation based 
on thermal 
reactions 

8 Rate of burning 
increases with 
increasing ambient 
pressure 

9 Not afTectcd by 
strength of 
container 

10 Not dependent on 
the size of the 
material 

1 1 Never converts to 
deflagration or 
detonation 



Initiated by flame, 
sparks, friction, shock, 
high temps 

Cannot be initiated in 
the wet state 
Oxygen present in 
formulation 

Produces long, dull noise 
accompanied by hissing 
sound and fire 
Generation of gases used 
as propulsive forces in 
propellants 
Rate of burning is 
subsonic 

Propagation based on 
thermal reactions 

Rate of burning 
increases with increasing 
ambient pressure 

Not affected by strength 
of container 

Not dependent on the 
size of the composition 

Can convert to 
detonation if conditions 
are favourable 




‘.•'•in 



Most explosives are 
capable of detonation if 
suitably initiated 
Can be detonated in the 
wet state 

Oxygen present in 
formulation 
Loud, sharp bang, 
sometimes accompanied 
by fire 

Generation of 
shockwave and used as a 
•destructive force 
Rate of burning is 
supersonic 

Propagation based on 
shockwave 

Velocity of detonation 
not affected by 
increasing ambient 
pressure 

Velocity of detonation 
affected by strength of 
container 

Velocity of detonation 
dependent on diameter 
of explosive charge, i.e. 
critical diameter 
Does not usually revert 
to deflagration, ff 
propagation of 
detonation wave fails 
explosive composition 
remains chemically 
unchanged 
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CLASSIFICATION OF EXPLOSIVES 



Explosives can therefore be classified by the ease with which they can be 
ignited and subsequently exploded. Primary explosives are readily ig- 
nited or detonated by a small mechanical or electrical stimulus. Second- 
ary explosives arc not so easily initiated: they require a high velocity 
shockwave generally produced from the detonation of a primary explo- 
sive. Propellants are generally initiated by a flame, and they do not 
detonate, only deflagrate. 

A comparison of effects for non-explosive combustible materials, 
deflagrating and detonating explosive materials is presented in Table 
3.3. 
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Ignition, Initiation and Thermal 
Decomposition 



In most situations an event by a chemical explosive can be divided into 
four stages: these are ignition, the growth of deflagration, the transition 
from deflagration to detonation, and the propagation of detonation. In 
some circumstances ignition can lead straight to detonation. This only 
occurs when the initial stimulus is able to generate a large quantity of 
energy in the explosive composition. Heat is then produced by adiabatic 
compression in the shockwave front which results in detonation. Igni- 
tion to detonation only takes place in specially-formulated explosive 
compositions and requires special conditions and very high pressures. 



IGNITION 

Ignition occurs when part of a combustible material such as an explo- 
sive is heated to or above its ignition temperature. The ignition tempera- 
ture is the minimum temperature required for the process of initiation to 
be self-sustaining. 

Explosive materials are ignited by the action of an external stimulus^ 
which effectively inputs energy into the explosive and raises its tempera-^ 
ture. The external stimulus can be friction, percussion, electrical im-| 
pulse, heat, etc. Once stimulated the rise in temperature of the explosive^ 
causes a sequence of pre-ignition reactions to commence. These involvi! 
transitions in the crystalline structure, liquid phases changing inttfj 
gaseous phases, and thermal decomposition of one or more of the] 
ingredients. These reactions then lead to a self-sustaining combustion ojj 
the material, i.e. ignition. As the temperature rises, the rate of the heatj 
produced increases exponentially whereas the rate of heat lost is linead 
Ignition occurs at the temperature where the rate of heat generated it] 
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Heat generated or lost 



Heat generation 




Heat loss 



Temperature 

Figure 4.1 Simple model to show ignition in explosives 



i? greater than the rate or heal lost. Figure 4. 1 presents a simple model in 
j defining the ignition temperature of an explosive material 7", . 

. ' ^Ign is the temperature at which the heat generated in the composition 
f Is greater than the heat lost to the surroundings, or more accurately, 7', 
should equal ‘ignition temperature — initial temperature'. 

5 As discussed above, ignition generally results in deflagration of the 
| explosive material, but if the material is confined or is in large quantities 
| deflagration can develop into detonation. It is generally accepted that 
the initiation of explosives is a thermal process. Mechanical or electrical 
Energy from the stimulus is converted into heat by a variety of meclum- 
mSiThe heat is concentrated in small regions forming hotspots. 



sj Hotspots 

Re formation of hotspots depends upon the energy input and the 
Basical properties of the explosive composition. The diameter of the 
OiSpots is in the region of 0.1-10 pm and their duration is about 
I&-10 -3 s with temperatures greater than 900"C. There have been 
tous theories put forward to describe the mechanisms for the fornia- 
s of hotspots, some of which are described below. 



Mechanisms for the Formation of Hotspots 
e energy from the stimulus is converted into heat by adiabatic com- 

(ft | J 

fission of small, entrapped bubbles of gas. The heat generated forms 
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where T, is .he initial .emper».nt« of ‘.he 

initial and final pressures insi e e 4 j it can therefore be seen 

ratio of the specific heats, torn q raised the temperature 

that when the initbll P-^^^^tnre i in the 

ins.de the bubble 7 2 is reduce^ ^ tQ occur . This effect can be 

gas bubble must be about mtrntdvcerine when subjected to 

observed in the performance o >q ul nitroglycerine is subjected to 

of , a„n an 

"piTsCirS ved however, it the initial Pressure is then ratsed ,0 
20-30 atm no explosive event takes P lace ' . . . b)es can result in an 

Under certain conditions gentlest ° f 

extremely sensitive explosive w g, iminatc al | the bubbles the explosive 
blows, ff precautions are tak ®" d very high impact energies must 

becomes comparatively insensiti , y d ® the v i SC ous heating ? 

be used. Under these oondiUon. .the gn » « f ^° between the impact- i 
of the rapidly-flowing explosive as it escapes irom ,, 

ing surfaces. nrpeence of grit particles, such as - 

Another source of hotspots P amount of j 

crystals. When the particles are and ^aharp only a ^ „ i 

frictional or impact energy is ne stress j nts; so ft particles : 

because localized energy is gene produce hotspots since they? 

are unable .0 generate winch con-: 

will be crushed or squashed. S P sens itive to impact; this iS 

d'ue t?^ po e iyme a r falling catastrophically and releasing sufficient en| 

ergy to form hotspots. . . Hnpt; not always lead Ufji 

ignition, rr— : ru-y 4 

without further propagation. P l . , ‘ cr itical’) the dissipation 

ESS ion and no explosion w„. tahe pin. 
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Table 4.1 Temperatures for the initiation of some primary and secondary 
explosives by friction ( via hotspots) and thermal mechanisms 



Explosive substance 



Temperature of ignition Temperature of thermal 

via hotspots/ ”C ignition/"C 



Primary explosives 
Tetrazene ~430 

Mercury fulminate — 550 
Lead styphnate 430 500 

Lead azide 430 500 



140 

170 

267 

327 360 



Secondary explosives 
, Nitrogylcerinc 450-480 

PETN 400-430 



1 

€ 

j 

t 



duit IGNITION BY IMPACT AND FRICTION 

Sp*' 1 Friction 

Shii '* 

When an explosive is subjected to friction, hotspots are formed. 1 licse 
Jiotspots are generated by the rubbing together of explosive crystals l hat 
fiye present in the explosive composition. Hotspots readily form on the 
jUtface of the explosive crystals since they are non-nielallic and have a 
Ipw^thermal conductivity. The temperature of the hotspots must reach 
temperatures greater than 430 “C for ignition of the explosive material 
occur. However, the maximum temperature of the hotspots is dctcr- 
Ined by the melting temperature of the crystals. I herefore, explosive 
Oppositions containing crystals which have melting temperatures 
Jower than 430 P C will not achieve ignition through the formation or 
^ptspots, whereas those compositions with crystals of high melting 
nperatures will form higher temperature hotspots capable of igniting 
^material. Hotspots which are generated by friction arc transient and 
-.only last for a very short time, i.e. 10“ 5 to 10 1 s. Consequently, 
peratures for ignition via hotspots is higher than conventional ther- 
jgnition temperatures for explosive substances. Table 4.1 presents 
|a on the temperatures of ignition by friction via hotspots and llier- 
U mechanisms for primary and secondary explosives. 
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Impact 

liquid explosives are subjected to high impact, compression and 
ig of the trapped gases takes place and exothermic decomposition 
explosive vapour begins. The rapid rise in temperature results in 
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further evaporation of the liquid explosive from the walls of the bubble, 
creating hotspots. These hotspots become sufficiently violent leading to 
the ignition of the liquid explosive. An increase in the quantity of gas 
bubbles will therefore result in an increase in the impact sensitivity of 
liquid and gelatinous explosive compositions. 

When solid explosives are subjected to high impact, hotspots are 
formed from the compression and heating of the trapped gases, and 
from friction between the crystal particles. Ignition for the majority of 



primary explosives is via hotspots generated by intercrystalline friction 
whereas ignition in secondary explosives is from hotspots generate 
through the compression of small gas spaces between the crystals. e 
difference between the formation of hotspots in primary and secondary 
explosives is related to the melting temperature of the crystals. Primary 
explosives will ignite below the melting temperature of the crystals 
whereas secondary explosives will ignite above the melting temperature. 

When a secondary explosive is subjected to high impact, the material 
will now (called ‘plastic now’) like a liquid entrapping small gas bubbles. 
Hotspots will be generated by the compression and heating of the 
trapped gases similar to the process described for the formation of 
hotspots in liquid explosives, except that the impact energies needed fot 
ignition will be Tar higher. Hotspots which are generated by impact are 
transient and will only last for a very short time in the order or 10 $.< 

Consequently, hotspot temperatures for ignition are higher than con- 
ventional thermal ignition temperatures for explosive substances. 



CLASSIFICATION OF EXPLOSIVES 

Classification of substances by their sensitivity to impact and friction i|| 
particularly important for the handling of explosives. Some explosive 
are known to detonate on impact, whereas others will only deflagraUfij 
Table 4.2 presents information on the sensitivity of explosive substan«| 
to impact and friction. The values shown describe the force required W 

initiate the explosive composiUonS^Jgfftd ‘-^2 

The values given here clearly. sho\V,that primary explosives are milj 
more sensitive to friction thansecohddry.explosives. Therefore, prim| 
explosives are more hazardous to handle and care must be taken, 
Another method of classifying high explosives is using the ‘Figur| 
Insensitiveness’ to impact and the ‘Figure of Friction . These valu^I 
obtained by subjecting powdered explosives either to impact usuu 
Rotter Impact Machine, or by friction using a Rotary Friction te^jj 

machine. , . 

In the Roller impact test, the explosive samples are subjectea* 
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I able 4.2 Sensitivity of some primary ami secondary explosives to impact ami 
friction 







mpact by a heavy weight, i.e. 5 kg, from different heights. The percen- 
tage of samples which ignite at a given height is noted. The results are 
Jotted using the Bruceton Staircase technique and the median drop 
|ght which gives 50% probability of ignition for the materials under 
BfJs determined. The Figure of Insensitiveness (F or I) is calculated 
pig Equation 4.2. 



if 



fer„rr_ Median drop height of sample 

Median drop height of standard * ° f ' of s,andard > 
fiT (4.2) 



Upfebre of Insensitiveness for the standard explosive sample ‘RDX’ is 
gjgure of Insensitiveness values for some primary and secondary 
rosives are presented in Table 4.3. 

figure of Friction can be calculated in a similar way using the 
Widn Staircase technique, where the Figure of Friction for the 
[d^d explosive ‘RDX’ is 3.0. Figure or Friction (F of F) values for 
^Secondary explosives arc presented in Table 4.4. 
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F of I < 50 
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1 ab,e 4-3 °f ,he l f- Impact 

Machine ( 5 kg falling weight on to 30 mg samples ) 



Explosive substance 



Figure of 
Insensitiveness 



Primary explosives 
Mercury fulminate 
Tetrazcne 
Lead styphnatc 
Lead azide 

Secondary explosives 

Nitrocellulose (dry 13.4% N) 

Nitroglycerine 

PETN 

HMX-/I 

RDX 

Gunpowder 
Tctryl 
TATB 
Picric acid 
TNT 

Nitroguanidinc 

*2 kg weight falling on to 30 mg sample 



able 4.4 Figure of Friction ( F of F ) for some secondary explosives calculated 
from the results of the Rotary Friction Machine 



Explosive substance 



Figure of Friction 



:>x • I ' 

'tpnft by ^5.8 Ui* j1, 

■ , r.o'W irttS: I 1 - '' 

5 with the Figure of Insensitiveness to impact, the lower the valuej 

ie Figure of Friction the more sensitive the material is. 

Explosive substances can therefore.be classified into three, _m 

=rc— ' JSSiC-r’i} 

vown in Figure 4.2. 



^Figure 4.2 Classification of primary and secondary explosives by lltcir Figure of 
Insensitiveness I F of 1 1 



M INITIATION TECHNIQUES 

% 

JC. Explosive Train 

“Diexplosive composition is initiated or detonated via an explosive 
SuiFThe explosive train is an arrangement of explosive components by 
fuch'the initial force from the primer is transmitted and intensified 
HJvit' , reaches and sets off the main explosive composition. Some 
gjpoiients of explosive trains are summarized in Table 4.5. 

ltaost all explosive trains contain a primary explosive as the first 
jjgpnent. The second component in the train will depend upon the 
Opl: initiation process required for the main explosive composition. If 
ftiin explosive composition is to be detonated then the second 
Hfjptient of the train will burn to detonation so that it imparts a 
ockwave to the main composition. This type of explosive train is 
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Primary 

Explosives 



Secondary 

Explosives 



Sensitive 
F ofl > 50 




Secondary 

Explosives 


F of I < 100 





Mercury fulminate 
Tetrazene 
Lead styphnate 
Lead azide 
Silver azide 



Nitrocellulose (dry) 

Nitroglycerine 

PETN 

Gunpowder 

HMX-ct 



HMX-P 
I RDX 
Tetrvl 



u 


TATB 


Comparatively Secondary 


Picric acid 


Insensitive Explosives 


TNT 


F of I £ 100 


Nitroguanidine 


>*' 


Amatols 




Torpex 
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Ignition, Initiation anti Thermal Decomposition 



Table 4.5 Some of the components of explosive trams 



Component Action Comments 

Primer Initiating device Initiated by percussion, stabbing, 

electrical current, heat, etc. 

netonatina Detonate base Ignited by primer. Small quantity of 



Fusehead 



Base charge 



Detonating Detonate base Ignited Dy primer, amu. J ”■ 

charge primary explosives 

Flash Ignite base charge Ignited by primer. Burn explosively but 

will not detonate 

Delay Controlled time Pyrotechnic formulation burns without 

dcltiy 

Relay Initiate the next Its role is similar to the detonating 

component component . , 

Booster Initiate main Used to initiate blasting agents or cast 

pvntnsivP TNT 




Delay Controlled time 

delay 

Relay Initiate the next 

component 

Booster Initiate main 

explosive 
composition 

Base charge Detonate main 
composition 



Usually a secondary explosive 



known as a ‘detonator’. However, if the explosive train is only required j 
to ignite the main composition an ‘igniter’ is used which will produce a . 
flash instead of a detonation. 

Detonators 

Detonators are used for initiating explosives where a shockwave is 1 
required. Detonators can be initiated by electrical means, friction. Has . 
from another igniferous element, stabbing and percussion. An example 
of an electrical detonator is presented in Figure 4.3. Jf 

In an electric detonator the bridgewire in the fusehead heats up to a J 
temperature at which the sensitive, composition surrounding the 
bridgewire ignites. This in turn will ignite the explosive composition in 
the priming charge. The priming charge will burn to detonation an| 
senda shockwave into the base charge., This shockwave will initiate th| 
explosive composition in the base charge to detonation. Detonators ar 
used to explode secondary explosives, permissible explosives and dyna| 

mites. 

Igniters ’'it 

Igniters are used for initiating explosives whose nature is such that it J 
desirable to use a flame or flash for their initiation and not asMjl 
produced by detonators. Explosives of this kind are known as deflagrate 



t Electrical circuit . . • 

H , Priming charge 

I igure 4.3 Schematic diai/rani of an electric detonator 



ing explosives. Igniters can be initialed by electrical means, friction, flash 
g/ ^ rom another igniferous element, stabbing and percussion. An example 
I’ an igniter is the squib . which is a small explosive device, similar in 
appearance to a detonator but loaded with an explosive which will 
f; deflagrate, so that its output is primarily heat (flash). 

ft, 

1| THERMAL DECOMPOSIT ION 

¥■' AH explosive substances undergo thermal decomposition at tempern- 
J|- lures far below those at which explosions occur. During thermal dccom- 
|| position, strong exothermic reactions take place which generate a lot of 
fc;heat. Some of this heal is lost to the surroundings, but the remainder will 
a raise the temperature of the explosives even further. When the rate of 
8 en erated is greater than the rate of heat lost, spontaneous decom- 
position will occur, i.e. ignition. The increase in the rate of dccomposi- 
|,tion with temperature is shown in Figure 4.4. 

| } . Decomposition of explosive substances generally follows the curve 
given in Figure 4.4. where the rate rises very slowly at temperatures 
fbeiow 100 "C and then steepens as the temperature approaches the 
.Ignition temperature of the explosive. Explosives which have high igni- 

Rate of 
decomposition 



Temp ^ 



Ignition 

Icmpctalnre 



i 1 



figure 4.4 The effect if tempi 



?mperaturc on the rale of tlecomposiiion of an explosive 
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tion temperatures, such as TATB, HMX, HNS and TNT, also have a 
high stability to heat, whereas those with low ignition temperatures 

''The chem ic a l' e Inergy/f generated by the decomposition of the explo- 
sive can be calculated from the heat lost to the surroundings F and 
accumulation of heat in the explosive Q as shown in Equation 4.3. 

f + q = ff * 4 

The amount of chemical energy H generated by •h=deeomp°a.i»" of an 
exolosive will give information on the sensitivity of the explosive, since 
the mechanism for the initiation ofexplosi.es is thermal. Conconutant- 
ly, a high value for U will result in a more sensitive explosive. 
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Thermochemistry of Explosives 



^Thermochemistry is an important part of explosive chemistry: it pro- 
vides information on the type of chemical reactions, energy changes, 
^mechanisms and kinetics which occur when a material undergoes an 
^explosion. This chapter will carry out theoretical lliermocheinical calcu- 
lations on explosive parameters, but it must be noted that the results 
^obtained by such calculations will not always agree with those obtained 
experimentally, since experimental results will vary according to the 
^conditions employed. 

| When an explosive reaction takes place, the explosive molecule 
apart into its constituent atoms. This is quickly followed by a 
Rearrangement ol the atoms into a series of small, stable molecules 
gliese molecules are usually water (H 2 0), carbon dioxide (C0 2 ), carbon 
monoxide (C O) and nitrogen ( N 2 ). There are also molecules of hydrogen 
tti,), carbon (C), aluminium oxide (Al 2 0 3 ), sulfur dioxide (SQ 2 ), etc., 
found in the products of some explosives. The nature of the products will 
defend upon the amount or oxygen available during the reaction. This 
ffigpty of oxygen will depend in turn upon the quantity of oxidizing 
Homs which are present in the explosive molecule. 



& OXYGEN BALANCE 

Insidering the structural formula ofTNT(5.I)and of nitroglycerine 
Pie proportion of oxygen in each molecule can be calculated and 
ipared with the amount of oxygen required for complete oxidation 
ie fuel elements, i.e. hydrogen and carbon. 

Pe amount of oxygen present in the explosive molecule is insufli- 
Hor the complete oxidation a negative oxygen balance will result- 
Can be seen in the molecule TNT Nitroglycerine, however, has a 
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Thermochemistry of Explosives 
Formula of TNT(C 7 H 5 N 3 0 6 ) 
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0 2 N, 



Cll 3 


11 


X. .no 2 


h-<!:-o-no 2 


or 


h-(!:-o-no 2 




ii-([:-o-no 2 


no 2 


H 


(5.1) 


(5.2) 



high proportion of oxygen, more than required for complete oxidation 
of its fuel elements and therefore has a positive oxygen balance. This 
oxygen balance can be defined as the amount of oxygen, expressed in 
weight percent, liberated as a result of the complete conversion of the 
explosive material to carbon dioxide, water, sulfur dioxide, aluminium 
oxide, etc. 

When detonation of TNT (C 7 H 5 N 3 0 6 ) takes place the explosive is 
oxidized to form gaseous products. Let us assume that on detonation 
the reactants are fully oxidized to form the gases carbon dioxide, water 
and nitrogen as shown in Reaction 5.1: 



C 7 HjN 3 0« -> nC0 2 + /iHjO + nN 2 



(5.1) 



The equation in Reaction 5.1 needs to be balanced, and this can be 
done by introducing oxygen atoms (O) as shown in Reaction 5.2. 

, <• fl)r.*ln • 1 

C,H,N,0 # -» nCOj + nHjO + ;jN 2 + nO 

* O i f > -Mxo 'ic " - 

C 7 H,N,0, -> 7COj + nHjO + nNj + nO 

liillnvft (i-«iyxO hi " 

C,H s N 3 0 6 -> 7COj + 2'/2 HjO + nNj + nO 

"i » • aril m 

C 7 H 5 N,0 6 7COj + 2ViH 2 0 + 1'/jN 2 + n O 
C,H s N,O fi -» 7C0 2 + 2‘AHjO + l'/iN, - lO'/iO i 

r i ! i ,! '(>« oil f't i' 

In order to balance the reaction formula for the combustion of TNT-i| 
negative sign is used for oxygen. This therefore indicates that TNT ha|J 
insufficient oxygen in its molecule to oxidize its reactants fully to foriM 
water and carbon dioxide. This amount of oxygen as percent by weight,'! 
can now be calculated as shown in Equation 5.1, where the atomic mas$* 
of carbon = 12, hydrogen = 1, nitrogen = 14 and oxygen = 16: -ha 



Molecular mass of TNT = (7 x 12) + (5 x 1) + (3 x 14) + (6 x 16) 

= 227 

Total molecular mass of oxygen atoms (O) 
in the products = — 10+ x 16 = -168 

Amount of oxygen liberated or taken in - — 68 * IU() _ 

227 * 

(5.1) 

An alternative method for calculating the oxygen balance is shown in 
| E( * uatlon 5 f H fe, the oxygen balance Q is calculated from an expio- 
b S ' Ve conta,nin g ">e general formula C a H h N c O rf with molecular mass M 



n = [d ~ (2a) - (6/2)3 x 1600 
A/ 



(52) 



1 to'be 8 E 2. U 6- " 5 f tHC OXy f e " balanCC f ° r RDX ^H 6 N,0„) is round 
10 De — zi.o/o as shown in Equation 5.3: 



Bp Eor RDX, a — 3, h = 6, c = 6 and d = 6, 

%, and M = (3 x 12) + (6 x 1) + (6 x 14) + (6 x 16) = 222 

o = t 6 ~ (2 x 3) - (6/2)] x 1600 

222 21.6% 



(5.3) 



■^The balanced reaction formulae and calculated oxygen balances for 
^n^eexplos've substances are presented in Tables 5.1 and 5.2. respect- 

E|ltcan be seen Irom Table 5.2 that explosive substances may have a 

En!i° r nCg ? t,Ve ° Xygen balance ' Thc balance provides 

jflwpnation on the types of gases liberated. If the oxygen balance is large 

W^negaUve he " ‘ 1CrC 1S 001 enOUgh oxygen for carbon dioxide to be 

IE" . ' 1 C xu SeqUenlly ’ l ° X1C gaSCS SUch as carbon monoxide will be 
Iterated. This is very important for commercial explosives as the 
|pount of toxic gases liberated must be kept to a minimum, 
ttlhe oxygen balance does not provide information on the energy 
manges which take place during an explosion. This information can be 
Brined by calculating the heat liberated during decomposition of 



Table 5.1 Balanced reaction formulae for some explosives 

Explosive substance Balanced reaction formulae for complete combustion 



Ammonium nitrate 

Nitroglycerine 

EGDN 

PETN 

RDX 

HMX 

Nitroguanidinc 

Picric acid 

Tetryl 

TATB 

HNS 

TNT 



NH4NO3 -» 2 H 2 0 + N 2 + IO 
CjH,N 3 0 9 -* 3 C0 2 + 2^ H 2 0 + 1^N 2 + 
C 2 H 4 N 2 O s - 2C0 2 + 2 HjO + N 2 + OO 
C,H 8 N 4 0 12 -» 5C0 2 + 4H 2 0 + 2Nj - 20 
C 3 H 6 N 6 0 6 - 3 C0 2 + 3 H 2 0 + 3 N 2 - 3 O 
C 4 H 8 N 8 O b - 4COj + 4 H 2 0 + 4 N 2 - 40 
CH 4 N 4 Oj ->COj + 2H,0 + 2N 2 - 20 
C 6 HjNjO, -*6C0 2 + 1)H 2 0+ 

C 7 H,N,0 8 - 7 C0 2 + 2* H 2 0 + 2\ N 2 - 8* O 
C 6 H 6 N 6 O s - 6COj + 3 HjO + 3 N 2 - 90 
C i4 H 6 N 6 0 12 - 14C0 2 + 3H 2 0 + 3N 2 - 190 
C;H,N,0 6 -7C0 2 + 2^ H 2 Q T l 2 N 2 - lOjO 



Table 5.2 Oxygen balance of some explosives 



Explosive substance Empirical formula 



Ammonium nitrate 

Nitroglycerine 

EGDN 

PETN 

RDX 

HMX 

Nitroguanidine 

Picric acid 

Tetryl 

TATB 

HNS 

TNT 



nh 4 no 3 

c 3 h 5 n 3 o, 

c 2 h 4 n 2 o* 

c 5 h 8 n 4 o 12 

c 3 h 6 n 6 o 6 

c 4 h 8 n 8 o 8 

ch 4 n 4 o 2 

c 6 h 3 n 3 o 7 

c 7 h 5 n,o 8 

c 6 h s n 6 o 6 

Ci 4 H 6 N 6 0 12 

c 7 h,n 3 o 6 



Oxygen balance/Vo weight 



+ 19.99 
+ 3.50 
0.00 
-10.13 
-21.60 
-21.62 
-30.70 
-45.40 
-47.39 
-55.80 
-67.60 

-74.00 i 



explosive substances, known as the -‘heat of explosion’. In ordefg 
calculate the heat of explosion, the decomposition products of(tC 
explosive must be determined,' since the magnitude of the heat'o^ 
plosion is dependent upon the thertnodyhamic state of its products^ 
decomposition process will be'b'y detbhation in the case of P nma ^ 
secondary explosives, and burning iH'the case or gunpowders and Wj 

pedants. ; • t 

DKCOMPOSITIONREACriONS v;.«3 

The detonation of HMX (C 4 H 8 N 8 0 8 ) will result in the formation® 
decomposition products. These may be carbon monoxide, carbon di| 
idc. carbon, water, etc., as shown in Reaction 5.3. 






C 4 HkN 8 0 8 -» 4CO + 4H 2 0 + 4 N 2 
or 

— » 2C0 2 + 2C + 4HjO + 4N 2 
or 

C 4 II 11 N 1 O* — > 2CO + 2C0 2 + 2II 2 0 + 2H 2 + 4N 2 
or 

C 4 H 8 N 8 0 8 -> 3C0 2 + C + 2HjO + 2 IIj + 4N 2 

» etc. <5..i) 

K- In order to clarify the problem or decomposition products, a scl or 
^ rules was developed during World War II by Kistiakowsky and Wilson. 
K These rules are nowadays known as the ‘Kistiakowsky- Wilson’ rules 
f < K : W rules >- These r u>es should only be used for moderately oxygen- 
■dencient explosives with an oxygen balance greater than — 40.0. 

KpV Kistiakowsky- Wilson Rules 

KThe Kistiakowsky- Wilson rules arc presented in Table 5.3. 

HpLUsing these rules, the decomposition products of HMXfC.II N O ) 
scan be determined as shown in Table 5 4 K * 8 

§ : 

K|T*ble 5.3 Kistiakowsky Wilson rules 

El 



fit de no. 




Conditions 

Carbon atoms are converted to carbon monoxide 
![an>' oxygen remains then hydrogen is then oxidized to water 
tr any oxygen sldl remains then carbon monoxide is oxidized 
to carbon dioxide 

All the nitrogen is converted to nitrogen gas. N 2 



|4 Decomposition products of HMX using the Kistiakowsky Wilson 

rules 



Conditions 



Products 






Carbon atoms are converted to carbon 4 C — ► 4 CO 

monoxide 

ir any oxygen remains then hydrogen is 4 O -> 4 H,o 

then oxidized to water 2 

If any oxygen still remains then carbon No more oxygen 
monoxide is oxidized to carbon dioxide 
All the nitrogen is converted to nitrogen 8 N — 4 N 
gas, N 2 2 
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Table 5.5 Modified Kistiakowsky- Wilson rules 



Rule no. Conditions 



1 Hydrogen atoms are converted to water 

2 If any oxygen remains then carbon is converted to carbon monoxide 

3 If any oxygen still remains then carbon monoxide is oxidized to 
carbon dioxide 

4 All the nitrogen is converted to nitrogen gas, N 2 



Table 5.6 Decomposition products of TNT using the modified 
Kistiakowsky- Wilson rules 




The overall reaction for the decomposition of II MX is given in 
Reaction 5.4. 

C 4 H,N,0, -y 4CO + 4HjO + 4N 2 (5.4)| 

The Kistiakowsky-Wilson rules cannot be used for explosive mat] 
terials which have an oxygen balance lower than —40. Under these) 
circumstances the modified Kistiakowsky-Wilson rules must be em -3 

ployed. i i -'j ic/T | 



Modified Kistiakowsky-Wilson Rules { 

' •*■» * ' * ‘♦•J ^ 

The modified Kistiakowsky-Wilson rules (mod. K-W rules) are pr 

ented in Table 5.5. j 

Using these modified rules the decomposition products for TN 
(C 7 H 5 N 3 0 6 ) are given in Table 5.6. 

The overall reaction for the decomposition of TNT is given in Reao-I 
tion 5.5. a 



4 



C 7 II ; N,0 6 -y 3'/ 2 CO + 3 l / 2 C + 2‘/zH 2 0 + 1VSN, (5. 

The reaction for the decomposition of explosive substances can then 
fore be determined using either the Kistiakowsky-Wilson (K-W) rul 
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r.ble 5.7 emU , m , hr KbMUmkf lmm 



Explosive s ubstanc e Reaction for decomposition products 



EOD°i?" rin ' £WS-~ 3 f°- + i"A° + '■O+'iN, 

PETN - >2c ° 2 + 2h 2 0 + N. 

RDX CH "n'o ' J "tm + 2 3 , r°-’ + 4 H -’° + 2 N, 

&H:N;g;: 4 3 S: 4 3 |] 2 S: 4 ^ j 

Nitroguamdine C II.N.Q, -> CO y H 2 Q f ||, y 2 N, 



. s Table 5.8 Reactions for decomposition products using the modified 
gh Kistiakowsky Wilson ( mod. K-W) rules 



plosive substance Reaction for decom position products 



"-’Picric acid 

(jTetryl 

itTATB 



f fiH,N,0 7 5jCO + jC + I* ||,Q -i 1 1 Ki 
r’ll'Ki* 0 ' 5 r CO 1 J 2 C 4 2‘II 2 0 + 2 1 N 

r n N v I'i * UO 1 3( ’ - 1 + 3N 2 2 

z . 'fj 6 N 6 0 12 — 9 CO + 5C + 311,0+ 1 N 

I .JI.NjtJ, — 3|CO + 3jC + 2f h*oVh n 



ft 

a 

j|| 

»:<T 



Id h 5 e 8 n n°ref1 KlS "’ i,k ° Wsky (mod. K W, rules. Tables 5 7 

~ cxnkWve 

stiakowsky-Wilson rules, respectively " ie mod,Bcd 

W^^wTonr'l Kistiak « wsk y Wilson and modified Kistia- 
W y 1 CS ls pro Vlded by the SpringaJI Roberts rules. 



Springall Roberts Rules 



^ingall Roberts rules take the unmodified Kistiakowsky-Wilson 
Rtfrmr., on vv ° more conditions as shown in Table 5 9 

n' m " ,ICS "" Pr0,1UC ' S " ,e dccol "POsilion 
fteoveral, reac„o„ for ,he dec„„, P „ si „„ n of TNT ,« K1C . 



-y 3CO + C0 2 + 3C + VAII 2 + H 2 q + ,./ 2Nj (5 . 6) 
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Tabic 5.9 Springall Roberts rules 
Rule no. Conditions 



1 Carbon atoms are converted to carbon monoxide 

2 ir any oxygen remains then hydrogen is then oxidized to wale 

3 If any oxygen still remains then carbon monoxide is oxidized to 

carbon dioxide , M 

a All the nitrogen is converted to nitrogen gas, in 2 

5 One third oT, he carbon monoxide formed is converted to carbon 

6 One stx^honhe 'original amount of carbon monoxide is converted to 




Table 5.10 Decomposition products of TNT using the Springall Roberts rules 



Rule no. Conditions 



Products 



Carbon atoms are converted to carbon 6 C -> 6 CO 

KanyoSgen remains then hydrogen is then No more oxygen 

If 1 a n'y ox y gen^U 1 1 remains then carbon No more oxygen 

monoxide is oxidized to carbon dioxide |JN 

All the nitrogen is converted to nitrogen gas, A in 2 2 

This results in the formula, 

C 7 H 5 N 3 0 6 -*6C0 + C + 2*H 2 + liN 2 

One third of the carbon monoxide formed is 2 CO - C + C0 2 J 
converted to carbon and carbon dioxide u q 

One sixth of the original amount of carbon CO + H 2 - l 

monoxide is converted to form carbon and 

It ,no‘t »ii*Knix*t mm 

water ^ 



,'ilN - 'I - ti ! < 



a.eessenlial when ca'culatingtheheat of explosion. Although 
Will provide a different answer Tor the decomposition products th y 

be u«d as a gu.de. They are simple to ajjply and do g,ve tariyj 
approximations. 



In 

ft 

ft;, . 






HEATS OF FORMATION 

The heats of formation Tor a reaction containing explosive chem^ 
can be described as the total heat evolved when a given quantity 
substance is completely oxidized in an excess amount of oxygen, re# 






Thermochemistry of Explosives 



•:1 



•I 

1 

m 



ing in the formation of carbon dioxide, water and sulfur dioxide. For 
explosive substances which do not contain sufficient oxygen in its 
molecule for complete oxidation, i.e. TNT, products such as carbon 
monoxide, carbon and hydrogen gas are formed. The energy liberated 
during the formation of these products is known as the ‘heat of ex- 
plosion’. If these products are then isolated and allowed to burn in 
excess oxygen to form substances like carbon dioxide, water, etc., the 
heat evolved added to the heat of explosion would be equal to the ‘heal 
of combustion . Consequently, the value for the heat of combustion is 
higher than the value for the heat of explosion for substances which have 
insufficient oxygen for complete oxidation. For explosive substances 
with positive oxygen balances, i.e. nitroglycerine, there is generally no 
difference between the value for the heat of explosion and that of the 
; heat of combustion. 

'jj.The value for the heat of formation can be negative or positive. If the 
Value is negative, heat is liberated during the reaction and the reaction is 
geothermic; whereas, if the value is positive, heat is absorbed during the 
faction and the reaction is endothermic. For reactions involving cx- 
jgsiVe. components the reaction is always exothermic. I 11 an exothermic 
ction the energy evolved may appear in many forms, but for practical 
‘poses it is usually obtained in the form of heat. The energy liberated 
hen explosives deflagrate is called the ‘heat of deflagration’, whereas 
energy liberated by detonating explosives is called the ‘heat of 
ionation in kJ mol 1 or the ‘heat of explosion’ in kJ kg 1 . 
in a chemical reaction involving explosives, energy is initially re- 
tired to break the bonds of the explosive into its constituent elements 
lipivn in Reaction 5.7 for RDX. 



f 

m 

A,, 

0 






fyVr 3C + 3H 2 + 3Nj + 3t) 2 < 5 - 7 > 

* elements quickly form new bonds w ith the release of a greater 



Of energy as shown in Reaction 5.8. 

asdi 



w 

is 

(iff 



H’3C + 3H 2 + 3N 2 + 30 2 -a 3CO + 311,0 + 3N, (5.8) 

MU 

pjecules of an explosive arc first raised to a higher energy level 
jjiput of the ‘heats of atomization’ in order to break their 
^gyft:bonds. Then the atoms rearrange themselves into new 
W, releasing a larger quantity ofheat and dropping to an energy 
j^f .than the original as shown in Figure 5. 1 
pf 
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3C + 3II 2 + 3N 2 + 30 2 



Aliform 



C3II6N6O6 



3CO + 3lip + 3N 

Figure 5.1 Energy is taken in to break the bonds of RDX into its constituent 
elements, then energy is released when new bonds are formed 



The thermodynamic path presented in Figure 5.1 will most likely not j 
be the same as the ‘kinetic path’. For instance, the reaction may take 
place in several stages involving complex systems of reaction chains ere. 4 
Nevertheless, the energy evolved depends only on the initial and final' s 
states and not on the intermediate ones; Once the reaction is completed^ 
the net heat evolved is exactly the same as if the reactant molecules were, 
first dissociated into their atoms, and then reacted directly to form the,; 
final products (I less’s Law). The heats of formation or some primary and] 
secondary explosive substances are presented in Table 5.1 1. 1 



HEAT OF EXPLOSiON j.j J 

When an explosive is initiated either to burning or detonation, its i energ« 
is released in the form of heat. The liberation of heat under adiabaU| 
conditions is called the ‘heat of ^plosion,’ denoted by the letter Q. Thj 
heat of explosion provides information about the work capacity oHM 
explosive, where the effective propeljants .and ; secondary explosj,^ 
generally have high values or Q. For propellants burning in the chambg 
of a gun, and secondary explosives in., detonating devices, the heatJM 
explosion is conventionally expressed in terms of constant volurt| 
conditions Q r For rocket propellants burning m the combustion chaffl 
ber of a rocket motor under conditions of free expansion to the atniO« 
phere, it is conventional to employ constant pressure conditions. Irt tM 

case, the heat of explosion is expressed as Q p . . 

Consider an explosive which is initiated by a stimulus of negligiMl 
thermal proportions. The explosion can be represented by the irreve« 
ible process as shown in Figure 5.2, where Q is the value of the 
ultimately lost to the surroundings. 



Thermochemistry of Explosives 



Table 5.11 Heats of formation of some primary and secondary explosive 
substances 

Explosive substance Empirical formula Mol «■» a;/ a u 



Primary explosives 
Mercury 
fulminate 
Lead styphnate 
Lead azide 

Secondary explosives 
Nitroglycerine 
i EGDN 
h- PETN 
: RDX 

I HMX 

Nitroguanidine 
fesi Picric acid 
fc- Tetryl 
Tg TATB 

£hns 
■RTnt 



Empirical formula 


Mol, wt. 


All r 

/kJ kg' 1 


AH, 

/k J mol 1 


HgC 2 N 2 0, 


285 


+ 1354 


+ 386 


PbC’ftHjNjO, 


468 


-1826 


-855 


PbN„ 


291 


+ 1612 


+ 469 




227 


- 1674 


- 380 


c 2 h 4 n,o 6 


152 


- 1704 


-259 


c,h 8 n 4 o I2 


316 


- 1 703 


- 538 




222 


+ 279 


+ 62 


C 4 H 8 Ngijp 


296 


+ 253 


+ 75 


ch 4 n 4 o 2 


104 


-913 


-95 


C fi H,N,0, 


229 


-978 


-224 


C 7ll 5 N s U H 


287 


+ 1 18 


+ 34 




258 


-597 


- 154 


Ci4H 6 N 6 0 I2 


450 


+ 128 


+ 58 


C 7H 5 NjU fi 


227 


-115 


-26 



% 

.‘li! 



Js 

-sr“ 



INITIATE 

a, i 

I’ EXPLOSION 

I 

f, GASEOUS PRODUCTS V 

%, HEATS Q 

t* 5.2 Schematic diagram of tlw irreversible explosion process 

ffider constant volume conditions Q v can be calculated from the 
Wrd internal energies of formation Tor the products A 17? 
ftp St !" dard internal energies or formation for the explosiveconv 
Bjj 5 („ p)M | ve(:oniponenl , ) as shown in Equation 5.4. 

j *j; 6*. - £Al/ r(|)rod|i< . |s) — 2:At7f,„ plos . vc componenlJ) (5.4) 

Jlar expression is given for the heat of explosion under constant 
fire conditions as shown in Equation 5.5. where A//” represents the 
ponding standard enthalpies of formation: 



Qr = product,, - £A//f 



(explosive components) 



(5.5) 



In considering the thermochemistry of solid and liquid explosives, it is 
usually adequate, Tor practical purposes, to treat the state functions AH 
and AU as approximately the same. Consequently, heats, or enthalpy 
terms, tend to be used for both constant pressure and constant volume 
conditions. 

Therefore, the heat of explosion Q can be calculated from the differ- 
ence between the sum of the energies for the formation of the explosive 
components and the sum of the energies for the formation of the 
explosion products, as shown in Equation 5.6. 

Q - AH ltcacllon) = TAH, (product,, — 2,A//, (explosive componenls) (5.6) 

rile calculated values do not exactly agree with those obtained experi- 
mentally since the conditions of loading density, temperature, pressure 
etc., are not taken into consideration. 

I he value for Q in kJ kg -1 is generally derived from the heat of 
detonation AH, in kJ mol The heat of detonation for RDX can be 
illustrated using Hess’s law as shown in Figure 5.3, 

Using the diagram in Figure 5.3 the heat of detonation for RDX can 
be calculated as shown in Equation 5.7: 



AH 2 = All, + AH, AH, = AH 2 - A H, 

I leat of formation of R DX = AH, (RDX) = + 62.0 kJ mol 



CVUVt* ^3co + 3 H 



A"\ 



/a// 2 



- 1 



f. f I 1 <■ 

Heat of formation of carbon monoxide = AH, (CO) 

= — 1 10.0 kJ mol -1 

Heat of formation of water in the vapour phase = A/f r (H 2 0 (g) ) 

= — 242.0 kJ mol -1 

Therefore, AH, = A// f ( RDX) = + 62.0 kJ mol 



-l 



AH 2 = [3 x AH, (CO)] + [3 x A// r (H 2 0„,)] 

= [3 x (-110.0)] + [3 x (-242.0)]= - 1056.0 kJ mol' 1 



3C + J, '2+JN 2 + 30j 

The heat of detonation for Rnv ■ . 



Q = 



AI{ d X loop 



J 1 1 8 x I ooo 

222 ~“ 



Ull 



5036 kJ kg 1 ( 5 , 8 ) 

|| shownrSm hcn ' oT **l*»** of I’HTN 
g"- = *H 2 - AH, 

fe(PETN)= -538.0 kJmol* 

^ ,( CO) = -I i00k j mo( i 

^(C0 2 )= -393.7 kJmcJ ' 

|C.( H 2°, 8 i)= -242.0 kJ mol ' 

Jiftj ' 

fcR.«.4» I . A " ((PETN ,._ 338okj 

fe [2 x AH, (CO)J + [3 x Aff 

il r , T f4 x AH, 

x ( + [3 x ( - 39 ^ 7 )i , r . 

1 J 7)J + t 4 * (~242.0)] 

K 5 ® -2369.1 kJ mol _ 1 

?/*= AH 2 - AH - I 

2369.1 -(-538) = 



AH, - AH 2 — AH, = - 1056.0 -( + 62.0)= -1118 kJmor 1 Q = = 1 83 t| x |ooo 



* 83 I I kJ mol 



5794 k.l ke 



15.9) 
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c 5 ii*n 4 o , 2 



3C0 2 + 4H 2 0 + 2CO + 2N 2 



'/\ /a- 



A//,\ /AW 2 

5C + 4H 2 + 2N 2 + 60 2 iJ 

Figure 5.4 Enthalpy of detonation for PETN using Hess's law 

•'■tm 

Table 5.12 Heat of explosion and heat of detonation at constant volume for song, 
primary and secondary explosive substances using the K- IF and 
modified K- W rules. AH f (H 2 0) is In the gaseous state ,, j.-jj 



Explosive substance 

Primary explosives 
Mercury fulminate 
Lead slyphnalc 
Lead azide 

Secondary explosives 
Nitroglycerine 
EGDN’ 

PETN 

RDX 

HMX 

Nilroguanidine 

Picric acid 

Tetryl 

IATH 

HNS 

TNT 



Empirical formula AHJ kJ mol 1 Q,/kJkg 1 



HgC 2 N 2 0 2 

PbCgHjNjO, 

PbN 6 



C 3 I IjNjO, 

c 2 H 4 N 2 o 6 

c,h 8 n 4 o 12 

c,h 6 n # o 6 

c 4 h b n 8 o b 

ch 4 n 4 o 2 

c 6 h 3 n 3 o 7 

C 7 H 5 Nj0 8 

c 6 h s n 6 o 6 

c, 4 h s n 8 o 12 

c 7 h 5 n,o 6 




m 






& 



The higher the value or Q for an explosive, the more the heat gener- j 
ated when an explosion occurs. Table 5.12 presents calculated heats of 
explosion together with their calculated heats of detonation for some 
primary and secondary explosive substances. The negative sign for the 
heat of explosion is generally omitted since it only denotes an exother- 
mic reaction. 

From Table 5.12 it can be seen that secondary explosives generate far 
more heat during an explosion than primary explosives. 



Effect of Oxygen Balance 

The effect of the oxygen balance on the heat of explosion can be seen 
from Figure 5.5. 

The heat of explosion reaches a maximum for an oxygen balance of 
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fv ’ 

Heat of Explosion (kJ kg ') 



n - 



x Nitroglycerine 



x/RDX 
x HMX 



i i i r 
-60 -40 -20 0 

Oxygen Balance (%) 



■jgure 5.5 The effect of the oxygen balance on the heat of explosion 






_Jero, since this corresponds to the stoichiometric oxidation of carbon to 
jarbon dioxide and hydrogen to water. The oxygen balance can there- 
fore be used to optimize the composition of the explosive to give an 
ygen balance as close to zero as possible. For example, TN T has an 
|ygep balance of —74.0; it is therefore very deficient in oxygen, and by 
mixing it with 79% ammonium nitrate which has an oxygen balance of 
§y9.99 the oxygen balance is reduced to zero resulting in a high value 
f the heat of explosion. 



f. VOLUME OF GASEOUS PRODUCTS OF EXPLOSION 

jsThe volume of gas produced during an explosion will provide informa- 
J tion on the amount of work done by the explosive. In order to measure 
p the volume of gas generated standard conditions must be established, 
(because the volume of gas will vary according to the temperature at 
|avhich the measurement is taken. T hese standard conditions also enable 
K, comparisons to be made between one explosive and another. The stan- 
r dard conditions set the temperature at 0 C or 273 K, and the pressure at 
~ 1 atm. These conditions are known as ‘standard, temperature and 
5 * pressure’, ‘stp’. Under these standard conditions one mole of gas will 
occupy 22.4 dm 3 , which is known as the molar gas volume. The volume 
|? of gas V produced from an explosive during detonation can be cal- 
b culated from its equation of decomposition, where information can be 
bJ obtained on the amount of gaseous products liberated. Examples for the 
: calculation of Fduring detonation of RDX and TNT are given below. 
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The equation for explosion of RDX using the K— W rules is given in 
Reaction 5.9. 



Tab ' e 513 VOl "" le " fg,,S ? Pr0d " ced h y ™ me “Plosive substances 

standard temperature and pressure 



at 



CjH.N^O. -4 3CO + 3H 2 0 + 3N 2 



( 5 . 9 ) 



Explosive substance Decomposition products 



The production or water will be turned into steam as the temperature 
of explosion will be very high; therefore, water will be regarded as a 
gaseous product. From Reaction 5.9 it can be seen that 9 moles of gas 
are produced from 1 mole of RDX. Therefore, 9 moles of gas will occupy 
201.6 dm 3 and 1 g or RDX will produce 0.908 dm 3 g" 1 (908 cm 3 g~ l ) of 
gas at ‘stp’ as shown in Equation 5.10: 

1 mol of gas at ‘stp’ will occupy 22.4 dm 3 
9 mol of gas will occupy 22.4 x 9 = 201.6 dm 3 
Therefore, I mol of RDX produces 201.6 dm 3 of gas 

20 16 * 

I g of RDX produces = 0.908 dm 3 g” 1 



222 

where the molecular mass of RDX is 222 



(5.10) 



I he equation for explosion of TNT using the modified K W rules is j 
shown in Reaction 5.10. 



C,H,N,0, -4 3'/jCO + 3V5C + 29iH 2 0 + 1 '/iN 2 



( 5 . 10 ) 



One mole of TNT produces moles of gas which will occupy 168 i 
dm 3 and 1 g ofTNT will produce 0.740 dm 3 g" 1 (740 cm 3 g" ') of gas at | 
‘stp’ as shown in Equation 5.1 1: 



mol of gas will occupy 22.4 x 7}= 168 dm 3 
Therefore, 1 mol of TNT produces 201.6 dm 3 of gas 
1 68 

I g ofTNT produces — = 0.740 dm 3 g' 1 
where the molecular mass ofTNT is 227 






(511).; 



Table 5. 1 3 presents the calculated volumes or gases produced by some^ 
explosive substances at ‘stp’. 



Nitroglycerine 

EGDN 

PETN 

RDX 

HMX 

Nitroguanidine 

Picric acid 

Tetryl 

TATB 

HNS 

TNT 



P/dm 3 g 



J „ - 1 



3C0, + 2 3 H 2 0 + i0 + |i N , 

2 CO, + 2FCO+ N, 

2 CO + )(U + 4 ICO + 2 N, 

3 CO t 3 11,0 + 3N", 

4 CO 4 4 ICO + 4N^ 

CO f n 2 0 fll 2 )2N, 

Sjco+jc t If 11,0 i |1 N , 
5’ CO + I K’ + 2] II ,0 f 2} N , 
3 CO 4- 3C + 3 I CO + 3 N,~ 

9 CO + 5C + 3 ICO i t jc 
3 1 CO f 3j C 4 2f 11,0 r f}N, 



0.740 
0.737 
0.780 
0.908 
0.908 
1.077 
0.83 1 
0.820 
0 78 I 
0.747 
0 740 



E 



EXPLOSIVE POWER AND POWER INDEX 



Eln an explosive reaction, heat and gases are liberated The volume of ns 
|T*" d hsal of-r'Mi«n Q can b„,|, calcined i„dcp»Ziy bH 

Explosive Power = Q x V (5 , 

llnw Val r C f ° r th f explosive P° wcr is dten compared with the explosive 

t~ S ‘ andard cxp,osive <P icric acid) resulting in the power index 
Eas shown in Equation 5. 1 3, where data Tor Q. . ,/ f ’ 

feokJg"' and 0.831 dm 3 , respectively ' 3ci ‘” ‘ mtH are 



3 . . 

w 

$Ty- 

w 



Power Index = 



Q x V 



Plpicricncid) x P (picric aciil) 



X l()() 



(5.13) 



ind ' X valu r <* Primary and secondary explosive 
Substances are presented m Table 5. 14. 1 

P^As expected, the values for the power and power index of secondary 
gxplos.ves are much higher than the values Tor primary explosives. 

TEMPERATURE OF CHEMICAL EXPLOSION 

J^hen an explosive detonates the reaction is extremely f asl and initially 
fie gases do not have time to expand to any gj ^Ttai 
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| able 5.14 The power index of some primary and secondary explosive substances 
takinp picric acid as the standard 



Primary explosives 
Mercury fulminate 
Lead styphnale 
Lead azide 

Secondary explosives 
Nitroglycerine 
EGDN 
PETN 
RDX 
MMX 

Nitroguanidinc 

Picric acid 

Tctryl 

TATB 

HNS 

TNT 



G./U g- 


V/dm i g- 


Q x V x 10 4 


Power 

index/% 


1755 


0.215 


37.7 


14 


1885 


0.301 


56.7 


21 


1610 


0.218 


35.1 


13 


6194 


0.740 


458.4 


171 


6658 


0.737 


490.7 


182 


5794 


0.780 


451.9 


167 


5036 


0.908 


457.3 


169 


5010 


0.908 


454.9 


168 


2471 


1.077 


266.1 


99 


3250 


0.831 


270.1 


100 


4334 


0.820 


.355.4 


132 


3496 


0.781 


273.0 


101 


3942 


0.747 


294.5 


109 ii 


4476 


rp. 0.740 < 


331.2 


115 „g 



Iv 



liberated by the explosion will raise the temperature of the gases, whjd 
will in turn cause them to expand and work on the surroundings to gif 
a ‘lift and heave edect'. The eflecl of this heal energy on the gas can/ 
used to calculate the temperature of explosion. 

The temperature of explosion X is the maximum temperature t 
the explosion products can attain under adiabatic conditions. I 
assumed that the explosive at an initial temperature T, is converted 
gaseous products which are also at the initial temperature ^i, T 
temperature of these gaseous products is then raised to T t by the heftj 
explosion Q. Therefore the value of T e will depend on the value of Q ‘ 
on the separate molar heat capacities of the gaseous products as sljjL 
in Equation 5. 14, where C, is the molar heat capacities of the produc| 
constant volume and E represents the summation of the heat capa 
integrals corresponding to the separate components of the gas mud 



p 

t 

hi 



k 

II . 






%T • i * • . 

Q = E *C, d T 

Jr, 



The rise in temperature of the gases is calculated by dividing thfcj 
generated Q by the mean molar heat capacity of the gases at cojj| 
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volume EC, as shown in Equation 5.15. where 7] is the initial tempera- 



c Unfortunately, (he heat capacities of the gaseous products vary with 
. temperature m a non-linear manner and there is no simple relationship 

tjsarr a "" r - Tl,e mean — * -iC.ei.ic, :,x 

. gaseous products at various temperatures are presented in Table 5 | s 

fcmn 8 . ,nfor ™ a,,on - lhe l,eal liberated by an explosion at various 
dempera tme 5 can be calculated. T c can (hen be determined from a 

iThe hiaT hbentr.'o H ^ ^ Q ' ,hown " ,c CXim " lle ^low. 

Irlierlo be 118 ulS ^ T' eXpl ° sion of RDX VV:1S calculated 

Tin* nf I I r '| kJ 0 1IS leaI IS ll,cn used t0 r «iise the tempera- 
ture ofl m°| of the gaseous products from their initial temperature 7 to 

heir final «n,pc„„urc T r U. us n«un« lha. .he .empimlure onhc 
|ble 5.15 Mean molar hea, capacities at constant volume .1 mol 1 K ' 



45.371 

45.744 
46.087 
46.409 
46.710 
46.991 
47.258 
47.509 

47.744 
47.965 
48.175 
48.375 
48.568 
48.748 
48.924 
49.091 
49.250 
49.401 
49.546 
49.690 
49823 
50.430 
50.949 



25.037 

25.204 

25.359 

25.506 

25.640 

25.769 

25.895 

26.012 

26.121 

26.221 

26.317 

26.409 

26.502 

26.589 

26.669 

26.744 

26.819 

26.891 

26.962 

27.029 

27.091 

27.372 

27.623 



34.459 

34.945 

35.413 

35.865 

36.292 

36.706 

37 104 
37485 
37.849 
38.200 
38.535 

38 861 
39.171 
39.472 
39.761 
40.037 
40.305 
40.560 
40.974 
41.045 
41.271 
42.300 
43.137 



22.782 

22.966 

23.146 

23.322 

23.493 

23.665 

23.832 

23.995 

24.154 

24.309 

24 260 

24 606 

24.748 

24886 

25.025 

25.158 

25.248 

25405 

25.527 

25644 

25.757 

26.296 

26.769 



24.698 

24 866 

25.025 

25.175 

25.317 

25.451 

25.581 

25.703 

25820 

25.928 

26.029 

26.129 

26.225 

26.317 

26.401 

26.481 

26.560 

26.635 

26.707 

26 778 

26.845 

27.154 

27.397 
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explosion T equals 3500 K and the initial temperature equals 300 K. 
The heat liberated by the explosion of RDX at a temperature of 3500 K 
is calculated from the mean molar heat capacities of the gaseous prod- 
ucts at 3500 K as shown in Equation 516: 

Mean molar heat capacities at 3500 K, using 1 able 5.1 5: 

CO = 26.744 J mol' *K" 1 
H 2 0 = 40.037 J mol " 1 K ' 1 
N 2 = 26.481 J mol" 1 K." 1 

] leal liberated by the explosion of 

RDX at 3500 K = 03 sook = (^C») x ( c 

C? 3 ,oo k = [(3 X 26.744) 4- (3 x 40.037) 4- (3 x 26.481)] x (3500 - 300) 

0„oo k = 895 315 3 mol' 1 . 

03,oo k- 895.3 kJ mol" 1 

The calculated value of 0 35O o k is 895.3 kJ mol ' | which is too low sin 
the heat liberated during an explosion of RDX is already kno n ^ 

1 1 1 8 k J mol - 1 . Therefore, the temperature of explosion must be high . 
Let us now assume that T e equals 4500 K, the heat hberate^ b J 
explosion of RDX at this higher temperature is calculated to be 122 
kJ mol 1 as shown in Equation 5.17: 



Mean molar heal capacities at 4500 K: 
CO = 27.372 J mol' 1 K' 1 
H,0 = 42.300 J mol' 1 K"‘ 



t IT 



N 2 = 27.154 J mol" 



K 



- 1 



Heat liberated by explosion of RDX at 4500 K: 

04,ook = t(3 x 27.372) 4- (3 x 42.300) 4- (3 x 27.154)] x (4500 - 

04,oo k = 1220007.6 3 mol' 1 

04,oo k= 1220.0 kJ mol' 1 



This value of 0 45OO k is too high since the heat liberal " d 
explosion of RDX is 11 1 8 kJ mol '- By calculating the values 0,. 
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Heal Liberaied (kJ) 




Figure 5.6 Calculated values oj heat liberated Q at carious temperatures of 
explosion T r for RDX 

•Various temperatures of T c a graph can be drawn and the correct value 
or T' can be obtained as shown in Figure 5.6. 

Using the graph plotted in Figure 5.6 the value (or the temperature <»r 
jplosion for RDX is found to be ~4255 K. 

y 






MIXED EXPLOSIVE COMPOSITIONS 



ost explosive and propellant compositions contain a mixture of com- 
ents so as to optimize their performance. Some of the components 
; not contribute to the heat liberated and may not even contain 
gen. These materials may however, contribute to the gaseous prod- 
^and reduce the actual temperatures obtained on detonation of the 
|sive or burning of the propellant. An example of a typical mixed 
JSive composition is one which contains 60% RDX and 40% TNT. 

Vhere the heat of explosion Q has been optimized In order to 
date the values of 0 and Ffor this composition the oxygen balance 
•the reaction for decomposition need to be determined. But even 
I|.these can be calculated the atomic composition of the mixture 
rst be established. 



Atomic Composition of the Explosive Mixture 

tions for the atomic composition or 60% RDX/40% TN 1 are 
Jed in Figure 5.7. 

the calculations of the atomic composition the empirical for- 
JOund to be C n oWWoN,,™ ,()„ „ 2 ,„. 
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Oxygen Balance 

The oxygen balance can now be calculated as shown in Equation 5 . 1 8 : 

U = £</ ~ (2a) - ih/2) J x 1600 
M 

Q = CCX0268^ (2 x 0.0204) JO 0250/2) | x 1600 

j ~42 (5.18) 



0 = 0,/, HI /,)U 2 
O = (-21.6 x 0.6) f|l 0.6)(-74) 

I " = ” 42 (5A9) 

| e Roxi 

Component, (r.e. TNT) _ t KL ol the second 

ft Decomposition Reaction 

Bjksky- Wilson rules as shown in Table 5J6. 1 " 8 Kis,ia - 

Bn^acS 1 ?"/" "" ”f ««4 * DX/ 40 % TNT is 

E; ‘ 

Bp4 H 0.02 S «N (l „ 2IS O n)1M -> 0.0I43CO + 0.0061 C + 0.012511,0 + 0.01075N, 

| 5 H| 

Wji.l6 Decomposition products of 60% R». y / 40 % TNTusi„c,,hc 
K istiakowsky Htlson rules ' 



\fio. Conditions 



Products 



wt J/ydrogen atoms arc converted to water ooi?^ M n 

Er. ,ra °y oxygen remains then carbon is o.. 11,0 

^ converted to carbon monoxide 001410 .nmawr, 

pP If any oxygen still remains then carbon ( ° 

m All m, Xld ? ,S OXidi7cd 10 carb ‘>" dioxide No more oxvcen 
P*! AH ,b f n,lr °gcn is converted to nilrouen ' ^ 

H& gas, N, 

— — . 0.0215 N > ().() toys n 



0.0215 N » 0.01075 N, 












92 



Chapter 5 



Thermochemistry of Explosives 



93 



Heat of Explosion 

The heat or explosion Tor the mixed explosive composition can now be 
calculated from the heat of formation for the explosive components and 
the heat of formation for its products as shown in Figure 5.8. 

Using the diagram in Figure 5.8 the heat of detonation for 60% RDX/ 
40% TNT can be calculated as shown in Equation 5.20: 

A// d = A ll 2 - AH, 

A//,(RDX)= +62.0 kJ mol"' 

A//, (TNT) = —26 kJ mol' 1 

AH, (CO) = - 1 1 0.0 kJ mol ' 1 

AH f (Il 2 0, g) ) = -242.0 kJ mol" 1 

AH, = AH, (C 0020 4Ho.025oNo. 0215^0. 026e) « 

AH, = [0.0027 x AH,(RDX)] + [0.00176 x AH, (TNT) J 
A//, = [0.0027 x ( + 62)] + [0.00176 x (-26)] = +0.122 kJ 
A//j = [0.0143 x AH, (CO)] + [0.0125 x AH f (H 2 O lg ,)] 

AH 2 = [0.0143 x (-1 10.0)] + [0.0125 x (-242.0)] = -4.598 kJ : 
A// d = A// 2 - AH, = -4.598 -( + 0.122)= -4.72 kJ (5.20| 

"i, 

The calculated value for the heat of detonation for 1 g of 60% 
R DX/40% TNT is - 4.72 kJ. The heat of explosion Q is calculated tq,Jj>| 
4720 kJ kg" 1 as shown in Equation 5.21 where M is 1 g: 



1 



' °lunie of Caseous Products 

nr0 ‘ , “ C ' S BbCT * W <*"*“* »» “Plosion by 

me mixed explosive composition at ‘stp’ can be C ilrnhi»a tv 
e q ual i°n for explosion as shown in Reaction 5.12. ' ° m ’ C 

I C " WM H "."25« N n.«2. 5 0,, nMg -» 0.0143CO + 0.006 1C + 0.0125H 2 0 + 0.01075N 

K 1 g of gaseous product contains 0.03755 mol 
.1 g of gaseous product will occupy 22.4 x 0.03755 = 0.841 dm ' g 1 

(5.22) 

e , Xpl ° SiVC co,n P° s ilion containing 60% RDX with 4()% 
TNT therefore has a (7 value of4720 k j kg '.a , value oft) 84 J " 
i n d a power index equal to 147%. ' ® 

K' energized explosives 

Jr**** 



All,, xJOOO _ -472x 1000 _ _ 4720 kJ kg ., //„„ 



Co 0204* l|) 0250^0.021 5O0.0268 



0.0125H,0 + 0.0143CO + 0.0061C + 0.010? 



Relative 
atomic mass 



<\ A- 



0.0204C + 0.0125H, + 0.0175N, + 0.01340, * 

Figure 5.8 Enthalpy of detonation for an explosive mixture containing 60%: 
RDX and 40% TNT 1 



Mf 

/kJ mol 1 

- 602. 1 

- 635.0 
-293 9 
-834.3 
-602.6 

- 295.3 
-353.2 



-66.9 

58.8 

- 42.6 

- 30.9 
-24.8 
-9.2 

- 5.4 



& 
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TNT. Aluminium is also used in some commercial blasting explosives, 
particularly in water-based slurry explosives, which contain a high 
percentage of ammonium nitrate. 

Addition of Aluminium 

The oxidation of aluminium is highly exothermic producing - 1590 kJ, 
as shown in Reaction 5.13. 



A// c = -1590 kJ 



2AI ( „ + mO« t( -» A1A« A// c = -1590 kJ 

In an explosive composition the aluminium reacts with the gaseouj: 
products particularly in oxygen-deficient compositions where no fre| 
oxygen exists as shown in Reaction 5.14. a | 



3CO J(c) + 2AI ( ,| 



3CO (t) + Al 2 0,(.. 



A// c = -741 kJ 



3II 2 0 (tl + 2AI W 



3H 2(i) + A1 2 0 3(J) A// c = -866 kJ 



3C (I) + AljOfl,, 



3CO (t , + 2AI (>) -> 3C,„ + AIAk.) = ~ 1251 W 

The volume or gas does not change in the first two reactions, $! 
moles - 3 moles. Consequently, the increase in the output of heat fr$ 
the oxidation of aluminium prolongs, the presence of high pressUj 
This clTecl is utilized in explosive compositions for airblasts, liftingft 
heaving, or large underwater bubbles. However, there is a limit t<$ 
amount of aluminium that can be added to an explosive composition 
shown in Table 5.18. 1 

The heat of explosion Q increases with an increase m the quantttl 
aluminium but the gas volume V decreases, resulting in the fJOl 
Q x V reaching a maximum value of 381 x 10 4 at 18% alumiruj] 
The same effect can be observed for other explosive compost 

.. . „ • h'O 



p 

St 



£ 



1 able 5.18 Effect of the addition of aluminium on the heat of explosion and ^ 
volume of gaseous products for TNT/AI. These values have beejt 
obtained experimentally , , lai 



M 
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containing aluminium, where a maximum value Tor the power can be 
achieved by adding 18-25% aluminium. 



lORt E AND PRESSURE OF EXPLOSION 

|This chapter has so far described the total chemical energy released 
|when a chemical explosion takes place. This energy is released in the 
yorm of Icmcuc energy and heat over a very short lime. U, microseconds 
Nn a detonating explosive a supersonic wave is established near to the 
hnitianon point and travels through the medium of the explosive, sus- 
Haiiied by the exothermic decomposition of the explosive material be- 
hind it. On reaching the periphery of the explosive material the deton- 
Bhon wave passes into the surrounding medium, and exerts on ,t a 
gudden, intense pressure, equivalent to a violent mechanical blow If the 
Ittiium is a solid, i.e. rock or stone, the violent mechanical blow will 
Use multiple cracks to form in the rock. This effect is known as 

feance which is directly related to the detonation pressure in the 
Sckwave front. 

fter the shockwave has moved away from the explosive composition 
fiaseous products begin to expand and act upon the surrounding 
jum. A crater will he formed if the medium is earth, in water a gat 
le is foimed and in air a blast wave develops. T he intensity iff the 
Us expansion will depend upon the power (Q x l ') of the explo- 



4 

IS 



•m 



1 



ne force exerted by these gases on their surroundings can be cal- 
led from Equation 5.23, where F is the force, „ is the number of 
gor gas produced per gram of explosive. R is the molar gas constant 
Uj is the temperature of explosion in Kelvin 



F = nRT 



19 



the Gas Law at ideal conditions. 



W = 



f • 1S "’ e f ess / irc of 1 Hie gases at the temperature of explosion and 
|e initial volume occupied by the explosive materials. In an 
W1 the pressures are so high that the Ideal Gas Laws have to be 
0 by the addition of a co-volume ot, as shown in Equation 5.25. 



/’..(I, -i) = nRT r 



(5.25) 
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Therefore the force exerted on the surrounding medium depends upon 
the temperature and pressure of explosion and the initial and co-volume 
of the explosive materials. 



Chapter 6 



Equilibria and Kinetics of Explosive 
Reactions 






1 

i 






° T r r P '° Sive b» been cfecsscd i„ 

Rnhpric i i IC Klstlakow sky- Wilson and the Sprineill 

. oherts rules both g.vc an approximate estimate for the products or 
Wecompositton, which is independent of the temperature O r^on 
P formulae and calculations Tor determining the heat of explosion 
assume tha ‘ <" c explosive reactions go to fotal eomple.io^ How 
Tum*, n s P er C b e e, ,l,e ,e o ,,0,1S d ° ,,0t g ° 10 co,,l Pletion and an cqu ld^ 

&: p de b nT:-^ 



I i EQUILIBRIA 

“ Pl0sive reaction many equilibria take place These 
N.brta are dependent on the oxygen balance of the system The most 
Ugj'tant equilibria are presented in Reaction 6.1. 

Sn;-. 



CO, + II, 



CO + 11,0 



2CO == C + CO , 



m 



CO + H, = c + 11,0 



'A 

•ft 

J: 



^ j bnl eqUa !t 0M in Reacti0n 61 °"ly becomes important as the 

Slen inX nmduct 5 ^ ^ ° f Carbon monoxide and 

ISo. A P T duC,S be ? ms t0 "'crease. All three equilibria are 
Jwture-dependent. and the equilibrium position will move to ft- 

leVeacfbn. S ^ " ,e ,cm '™<urc generated 
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Products of Decomposition 



Temperature of Explosion 



Ileat of Explosion 



Figure 6.1 Cycle of determinable parameters for equilibrium reactions 

In order to determine the products oT decomposition Tor an equilib- 
rium reaction the temperature of explosion T c is required. T c can be 
calculated from the heat of explosion Q which in turn depends upon the 
products of decomposition as shown in Figure 6.1. 

In order to determine the products of decomposition for equilibrium 
reactions the Kistiakowsky-Wilson or the Springall Roberts rules can 
be applied as a starting point. From the products of decomposition the 
heat and temperature of explosion can then be calculated. The tempera- 
ture of explosion can then be used to calculate the products of decompo- 
sition. In practice, this process is repeated many times until there is'| 
agreement between the answers obtained. Equilibria of complex reac-i. 
tions and of multi-component systems are today obtained by computeif| 
however, the ability to use tabulated data is useful in predicting th6’| 
direction and extent of the reaction. 

The example below will evaluate the products of decomposition,'! 
temperature of explosion and heat of explosion for RDX at equilibrium ^ 
conditions. 

Products of Decomposition 

As a starting point the decomposition products for RDX (C 3 H fi N 6 djjl 
are calculated from the Kistiakowsky-Wilson rules (O = —21.60) a*J 
shown in Reaction 6.2. 

C,H,N ( 0 ( -> 3CO + 3H,0 + 3N 2 (6 

The complete decomposition of RDX does not actually take plat 
because there is not sufficient oxygen in the RDX molecule for comply 
oxidation of the reactants. Instead, the products compete Tor the'aVM 
able oxygen and various equilibrium reactions are set up. The 
important of these equilibrium reactions is the water-gas equilibria 
shown in Reaction 6.3. 

ft 
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flu- Water-Gas Equilibrium 

RDX b u! T j nj ma n y U p the r * ch en ! 1 re . se 1 1 1 11 ° 1 onl - v (,,e decomposition of 



formation for car,' f " »^re the heat 

monoaidcand water: ' " s n,l ’ K ' 1 *r.r t for carbon 

fci AH f (C0 2 )= -393.7 kj mol 1 

I|ft<CO) + rlH, ( H,o,.,,„ -lino, 242.0 — 552.0 U mol ' 

■ 

f- 

fi Heat of Explosion 

*• 

Bp|wiwis<lre,letefmi*eATIiewcanbecalculataJfiNmMtoBc!|uSibfi!ttlt 

f u 

fe/K _ C0 2 + n 2 /j mt ,| 1 K ' 1EQ + ■ v , 



68.153 
70.656 
72.435 
74.249 
75.580 
76.726 
77 7(8 



59.496 

62.475 

64 852 

66.781 

68.362 

69.67 2 

70.760 



co 2 + II 2 



CO + n 2 o 
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constant. The equilibrium constant K for the »at e r-gas equilibrium in 
given in Equation 6.2, where the terms in the square brackets [ ] are the 
concentrations in mol dm 



Theequa'ion for the equilibrium can be now be written in terms of,, „ 
b, and d as shown in Equation 6.6. ’’ ’ 



K i = 



[CO] [H 2 Q] 
[C0 2 ] [HJ 



K - ^ ~ ~ a - n,) 

1 (M,)(ft/2 - d + </ + «,) 



( 6 . 6 ) 



By using the general formula or an explosive C.H„N f O, the concen- 
trations for the reactants and products can be determined. For the 
reaction involving RDX, carbon will react to form carbon monoxide 
and carbon dioxide, hydrogen will react to form hydrogen gas and 
water, nitrogen will react to form nitrogen gas, and oxygen will combin 
with other elements in the explosive composition to form carbon mon- 
oxide. carbon dioxide and water as shown in Reaction 6.4. 

C„H t N t O rf -» n,C0 2 + 7i 2 H 2 0 + n,N 2 + « 4 CO + « 5 H 2 < 6 - 4 > 

The values for the terms a, h, c and d in the reactant can be determined | 
from the stoichiometric equations involving the number of moles t.e. »„ | 

,1 a etc for the products. The equilibrium equation in terms oln„n 2 , | 

m 4 and « s and the stoichiometric equations are presented in Equations \ 
6.3 and 6.4, respectively. 



Ki = 



u 4 >'l 
it, n. 



a = it, + n 4 (carbon-containing molecules) 
b — 2 n 2 + 2n s (hydrogen-containing molecules) 
c = 2 m 3 (nitrogen-containing molecules) 
j _ 2 m, + /i 2 + n 4 (oxygen-containing molecules) 



y UV.fl. uplift 1 

The formulae shown in Equation 6.4 can 
n 2 , n 4 and n 5 as shown in Equation 6.5. 



be rearranged in terms ofj 

-m 

1 



n 4 = a — n i 

n 2 = d — 2m, - n 4 

Substituting for m 4 gives n 2 = d - a - n, 
n 5 = b/2 - n 2 

Elimination of n, gives m 5 = b/2 - d + a + n, 



The vak,e of K increases with temperature as shown in Table 6 2 
Therefore, the products on the right-hand side of ti e w,m, 
equilibrium will increase as the temperature rises If we assume that the 

S e Bv Ure h°, f eXPlOSi .° n /; = 4000 K ' lhen " ,c 'aloe of K, becomes 
|T.b„ 6.2 , 



VjTemperature/K 



Equilibrium constant K , 




3.154 
3.584 
4.004 
4.41 I 
4.803 
5.177 
5.533 
5.870 
6.188 
6.488 
6.769 
7.033 
7.279 
7.509 
7.723 
7.923 
8.112 
8.290 
8.455 
8606 
8.744 
8.872 
8.994 
9.107 
9.208 
9.632 
9902 
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i j r n nx (C tLN,;0 6 ) are 3, 6 and 6, respec- 
the values or fl, b and d for RDX (C 3 H 6 in 6 

tively. 



E 4 



c 3 ii 6 n 6 ()« 



2.2564CO + 2.2564II 2 0 
+ 0.7436CO 2 + 0.74361I 2 + 3N 2 



9 208 " (^6/2^T+T+^i7) 

j g 9 — 3 m, - 6m, 4- 3m i 4- »i_ 

9.208 = — — ' ^ 

9 — 6m, + W| 2 

9.208 = 

'*1 

9.208m, 2 -9 4- 6 m, -n, 2 =0 

8.208m, 2 4- 6m, -9 = 0 
=0.7436 or -1.4764 

The quadratic equation results in two ^he concentrations of t& 

as shown in Equation 6.8. 

$ 

„ 4 = 3 _ 0.7436 = 2.2564 = [CO] 

* = f, - 3 - 0.7436 = 2.2564 = [HjO] 

„ 2 = 3 _ 6 + 3 + 0.7436 = 0.7436 = [H J 

; ing the values calculated in Equation 6.8 the value of K, c£ 
obtained, as shown in Equation 6.9. 

2.2564 x 2.2564 _ g 2 0775 
K * = 0/7436VO7436 

This value compares well will 1 th e va ' ue of 9.208 used in 

. qu .ao„ <0, - — * rdx at 4000 * 

equilibrium conditions ,s g,»cn in React, on 
Cj H t N,0, -a 0.7436CO, + 2.2564H,0 + 2.2564CO + 0.7436^ 

In order to calculate the heat ol .“P 1 ”' 0 ],® ^ Law as shq 
detonation must first be determrned ustng Hess 

Figure 6.2. 



n- M,)(6-3-M,] _ 




3C + 3!l 2 + 3N 2 + 30 2 

Figure 6.2 Enthalpy ol detonation for RDX under equilibrium conditions using 
Hess's law 



Using the diagram in Figure 6.2 the heat of detonation lor RDX 
under equilibrium conditions can be calculated as shown in Equation 
6 . 10 . 

■ 

[A H 2 = A/7 , 4- A//, | obAfl d = AH 2 - Ml , 

AH, (RDX) = 4 62.0 kJ mol 1 
AH, (C0 2 ) = -393.7 k.l mol 1 
|H f (CO)= — 1 10.0 kJ mol ' 

Hf(H 2 0 ( „) = -242.0 kJ mol 1 
Bfi>1 f 

hetefore, AH, = AH,(RDX) — 4- 62.0 kJ mol 1 

v= [2.2564 X A//,(CO)J f | 2.2564 x A//, (I l 2 C), s ,)J 
P+ [0.7436 x A//,(C0 2 )J 

fj = [2.2564 x ( - 1 10.0)] t- [2.2564 x ( 242.0) | 

| + [0.7436 x (-393.7)) 

-1087.0 kJ mol 1 

’}/= AH 2 - AH, = - 1087.0 - (4-62.0) = - I 149.0 k.l mol 1 



Heat of detonation for RDX is — 1 149 kJ mol - '. This value can be 
Sifted to the heat or explosion Q as shown in Equation 6.1 1, where 
lhe molar mass of RDX. 

ir 



AH h x 1000 1149 x1000 



— —5176 kJ kg 1 (6.11) 



of explosion for RDX at equilibrium conditions is found to be 
)i kg - *; this is higher than the value calculated in Chapter 5 using 
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the Kistiakowsky-Wilson approach (5036 kJ kg' l ) which assumes that 
the reaction goes to completion. 

Temperature of Explosion 

In calculating the heat of explosion we assumed that the temperature of 
explosion T t was 4000 K. If this assumption was corral then the heat 
liberated by the explosion at 4000 K should equal 1 149 kJ mol .The 
calculated value for the heat liberated, where the initial temperature is 
taken as 300 K, is presented in Equation 6.12. The values for he mea 
molar heat capacities at constant volume can be found in Table 5.15. 



Mean molar heat capacities at 4000 K: 
CO = 27.091 J mol 1 K' 1 
H 2 0 = 41.271 J mol -1 K -1 
CO, = 49.823 J mol ~ 1 K. ~ 1 
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= 25.757 J mol' 1 K 



N 2 = 26.845 J mol' 1 K‘ l 

Heat liberated by the explosion of RDX at 
4000 K = <24 ooo k = ( sc ») x ( r e “ r ‘ ): 

0 — f(2 2564 x 27.091) + (2.2564 x 41.271) + (0.7436 x 49.82| 

Q 4000 K + (0.7436 x 25.757) + (3 x 26.845)] x (4000 - 300) J 

Q4000 k = 1076 656.7 3 mol' 1 

04000 K = 1^7 ^ m0 ' 

o •• sm ■ 

The calculated heat liberated at 4000 K is 1077 kJ mol' which is|| 
than the original value of 1149 kJ mol' 1 . A higher tempera # 
explosion should now be taken and the cycle repeated. Evcntua lJ 
would lead to an answer of 4255 K for, the temperature ofexplosffl 
Similar calculations can be carried out on mixed explosives^ 
propellants if the composite formula is known for the 
of the water-gas equilibrium will produce a result ? 1 
approximation to the experimentally-derived figure lhan 
tiakowsky-Wilson and the Springall Roberts approaches. 

The method used above for calculating the temperature and 
explosion for the water-gas equilibrium can also be applied to 6H 
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equilibrium equations. Examples of such equilibria which may become 
important during an explosive reaction are presented in Reaction 6.6. 

'/aNj + C0 2 == CO + NO 

2CO *= c + C0 2 ,6.6) 

KliNF I ICS OF EXPLOSIVE REACTIONS 

Kinetics is the study or the rate of change of chemical reactions. These 
\ r ® actl0 " s can be vet 7 last. i.e. instantaneous reactions such ns delon- 
I f‘ 10n ’ those ^ et T u,rin g a Tew minutes, i.e. dissolving sugar in water and 
| those requiring several weeks, i.e. the rusting of iron. In explosive 
E- reactions the rate is very fast and is dependent on the temperature and 
•pressure of the reaction, and on the concentration of the reactants. 

— IBfi i 

Ife; 

Brii •, Activation Energy 

tlnng an explosive reaction, energy is first supplied from the initiator 
braise the temperature of the explosive so that ignition takes place, 
Hh the formation of hotspots, ir the energy generated by the hotspots is 
? than the activation energy no reaction will take place and the 
[spots will gradually die out, as shown in Figure 6.3. 
ghl the other hand, if the energy generated by ihe hotspots is greater 



Activation 
Energy 




Products of 
Explosion 



Sr r 

mSchematic diaqran, of the react, on profile for chrmi, al explosives 
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ri 6 a„ 6.4 n. '*« " "" r “" 

than the activation ehntgy the 

formation of the explosive .“"t of ennrgy winch is 

activation energy therefore rep explosive compound at 

required to take a starting mate; 3 ^ 0 ( ^ eacti ve higher-energy excited 

ambient temperature) and convert t0 form the products with 

— - — n 

^Sltr.tivationener.ycanbe^— ^ 

he ,0 initiate the explosiv.6 

composition 



Rate of Reaction 

The rate of the reaction is M 

energy, and the temperature a w exp onentially-greatcr number 
temperature of the system is raised, an exponent ‘ J v J tion . The rate 
molecules will possess the necessary en gy e ntial fashion 

reaction will therefore increase acc ; rdl "f'y CXP ° 
the temperature rises, as illustrate *" j ng the rate-temperat 

The rate of the reaction can be described using u 
relationship, winch ,s known as the A,rhemuset,ua„on. 6.13, 






Ae 



-E/RT 



where k is a constant for the rale o f teacnon 5, ls ’ “J tem pe,aturf 
material, F. is tire ac.iva.ron energy m k mo ; } ^ . , K -,.f 
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Table 6.3 Values for the actuation energy h and collision factor A for some 
primary and secondary e xplosive substances 



Explosive substance 



Primary explosives 
Mercury fulminate 
Silver azide 
Lead azide 

Secondary explosives 
Nitroglycerine 
Telryl (crystalline) 
PETN 
RDX 

Picric acid 

TNT 

HMX 



Activation energy Collision factor 

E/kJ mol ' A 



105 

167 

160 



176 
217 
196 
I '.)<) 
242 
222 
220 



10' 



!()'•’ 
10 ” ' 

10 ,,H 
, 0 IH 6 

10“ 15 

lO 1 *’ 

lO 19 ’ 



’ttt i 



and can be determined from the number of collisions pci unit volume 
er second between the molecules. I lie term c ' is a measure or the 
fraction of colliding molecules that result in a reaction. Therefore, if 
£ = 0 (/.<?. zero activation energy) then c F K ‘ - I and all colliding 
molecules react; conversely, ir li/RT»l then L »Rl {ic high activa- 
tion energy), the majority of the colliding molecules do not react I lie 
iValues for the collision factor A and the activation energy E for some 
■rimary and secondary explosives are presented in 1 able 6 V 
^Primary explosives have low values for the activation energy and 
Jlision factor compared with secondary explosives. Therefore, it takes 
s energy to initiate primary explosives and makes them more sensitive 
external stimulus, i.e. impact, friction, etc., whereas secondary 
plosives have higher values for the activation energy and collision 
ctor, and are therefore more difficult to initiate and less sensitive to 
tern a 1 stimulus. 



Vi 

I 



Kinetics of I hernial Decomposition 



explosives undergo thermal decomposition at temperatures far be 
those at which explosions take place These reactions arc important 
determining the stability and shelf life of the explosive I lie reactions 
provide useful information on the susceptibility of explosives to 
LThc kinetic data are normally determined under isothermal condi 
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tions by measuring the rate of gas released from a sample of explosive at 
a series of controlled temperatures. 

Equation 0.14 shows the relationship between the rate of decomposi- 
tion and temperature, where V is the volume of gas evolved, T is the 
temperature in °C, k is the reaction rate constant, and C is a constant for 
the particular explosive. 

y — k T + C (6.14) 

For every 10 °C increase in temperature, the rate of decomposition is 
approximately doubled, but may increase as much as 50 times if the 
explosive is in the molten state. The rates of decomposition depend on 
the condition of storage and the presence of impurities which may act as 
catalysts. For example, nitroglycerine and nitrocellulose decompose at 
an accelerated rate due to autocatalysis, whereas the decomposition rate 
of TNT, picric acid and tetryl can be reduced by removing the impurities 
which are usually less stable than the explosive itself. With many of the 
explosives the presence of moisture increases the rate of decomposition. 

MEASUREMENT OF KINETIC PARAMETERS 

The common methods of investigating the kinetics of explosive reac- 
tions are differential thermal analysis, thermogravimetric analysis and 
differential scanning calorimetry. 

Differential Thermal Analysis 

Differential thermal analysis (DTA) involves heating (or cooling) a test 
sample and an inert reference sample under identical conditions and 
recording any temperature difference which develops between them. 
Any physical or chemical change occurring to the test sample which 
involves the evolution of heat will cause its temperature to rise tempor- 
arily above that of the reference sample, thus giving rise to an exother- 
mic peak on a DTA plot. Conversely, a process which is accompanied 
by the absorption of heat will cause the temperature of the test sample to 
lag behind that of the reference material, leading to an endothermic 
peak. 

The degree of purity of an explosive can be determined from DTA 
plots. Contamination of the explosive will cause a reduction in the 
melting point. Consequently, the magnitude of the depression will re- 
flect the degree of contamination. A phase change or reaction will give 
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AT 

AT3 
AT2 
ATI 

Tl T2 T3 Temperature T 
Figure 6.5 DTA thermogram for the decomposition of an explosive material 

rr em,iC ° r eXOthcrmi0 pcak - and the ">'der the peak 
is related to the amount or heat evolved or taken in 

Figure 6.5 shows the DTA plot for the decomposition of an explosive 
material. Decomposition begins when the temperature T reaches the 
gmtion temperature of the explosive material resulting in an exother- 
mic peak As the explosive material decomposes it releases heat which is 
measured on the DTA plot as A7'(y-axis). A7is proportional to the rate 
which the explosive material decomposes; as the rate increases more 
heat is emitted and AT increases. Assuming that the decomposition of 

dke T ° S,Ve 15 3 "? ° ,der p,ocess ’ thc " the rate or the reaction is 
Eq atl^ rlWna ‘° ,MCreaSe in ,cmperatl 'rc AT. as shown in 




Rate of reaction 'x AT 



(0.15) 



The activation energy £ can be calculated from the DTA plot using the 
Arrhenius equation as shown in Equation 6.16. 



Rate of reaction = A 7' = ,-le r,Rr 



In AT = In (Ac E/RT ) = | n ,.\ + | n e~ E/RT 



In AT = In A - FJRT 

(6.16) 

A | T , J S , m f* SU red 3 1 . Severa 1 •emperaturcs T and In A T versus 1/7 i s 
plotted. A straight line is obtained with a slope of -E/ft 

DTA will also provide information on the melting, boiling crystalline 
transitions, dehydration, decomposition, oxidation and redact rnn it" 




Loss in Weight 



Decomposition 



Exothermic 



Endothermic 



Temperature (°C) 

Figure 6.6 Thermogram of HMX-fi using differential thermal analysis and 
thermogravimetric analysis 



Differential Scanning Calorimetry *,| 

The technique of differential scanning calorimetry (DSC) is very similar*; 
to DTA. The peaks in a DTA thermogram represent a difference itftj 
temperature between the sample and reference, whereas the peaks in d^ 
DSC thermogram represent the amount of electrical energy supplied to'! 
the system to keep the sample and reference at the same temperatures 
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Chapter 7 

Manufacture of Explosives 



NITRATION 

^S"- - r^rr-Si 

hydrogen^ adonis) of .he compound being nhra.^Th, *£«■ ~ 
mercial explosives is presented in Table 7.1. 



C-nitrahan 

nilio compound 



-j'-NO, 



D-nitration 
nitrate ester 

4 






ONOj 

4 



N-nitratia a 

nilraniine 



-nno, 

4 




TAW 

HNS 



Figure 7. 1 



Classification of explosive composition by nitration reaction 



Manufacture of E xplosives 

1 able 7.1 Examples of nitrating agents for the manufacture of explosives 

Usual nitrating agent 
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Compound 

C-Nitration 
Picric acid 
TNT 
HNS 

O-Nitration 

Nitroglycerine 

Nitrocellulose 

PETN 

N-Nitration 

Tetryl 

< RDX 
HMX 



Mixture of nitric and sulfuric acids 
Mixture of nitric and sulfuric acids 
Mixture of nitric and sulfuric acids 



Mixture of nitric and sulfuric acids 
Mixture of nitric and sulfuric acids 
Mixture of nitric and sulfuric acids 



Mixture of nitric and sulfuric acids 
Nitric acid and ammonium nitrate 
Nitric acid and ammonium nitrate 



C-NITRATION 
Picric Acid 



Oil 



0,N 




-NO, 



NO, 

(7.1) 



Cric add ( 7 ]) can be prepared by dissolving phenol in sulfuric acid 
Id then nitrating the product with nitric acid as shown in Reaction 7. 1 



Oil 



.NO, 




„„ / 


T \ 

NO, \ 


A^no, 


O, N, 


dr 




SOjOH \ 





Oil 



Oil 




NO, 



OjN 




NO, 



(7.1) 
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Sulfuric acid acts as an inhibitor or moderator of the nitration. The 
sulfonation of phenol at low and high temperatures produces the ortho- 
and para-sulfonic acids, respectively. All these substances yield picric 
acid as the final product of the nitration. 



Tetryl 



H,C^ NOj 

o, W 0 ‘ 



Tetryl (7.2) can be prepared by dissolving dimethylaniline in sulfuric 
acid and adding nitric and sulfuric acids at 70 °C as shown in Reaction 
7.2. 



IhC CII 3 



OJ * 



4 ho-no 2 



II 3 C no 2 

'vr' 



nr* 



CH 3 OII + 3 HjO 



Here, one methyl group is oxidized and at the same time the benzene 
nucleus is nitrated in the 2-, 4- and 6-positions. Recently-developed 
techniques for the manufacture of tetryl treat methylamine with 2,4- or 
2,6-dinitrochlorobenzenc to give dinitrophenylmethylamine. This is 
then nitrated to tetryl. In both processes purification is carried out by 
washing in cold and boiling water, the latter hydrolysing the tetra-nitro 
compounds. Finally, the tetryl is recrysVallized by dissolving in acetone 
and precipitated with water, or recrystallized from benzene. 



TNT (2,4,6-Trinitrotoluene) 

TNT (7.3) is produced by the nitration of toluene with mixed nitric and 
sulfuric acids in several steps. Toluene is first nitrated to mononitro-. 
toluene and then dinitrotoluene and finally crude trinitrotoluene. The 
trinitration step needs a high concentration of mixed acids with free S0 3 
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groups. A summary for (he preparation of trinitrotoluenes from toluene 
is presented in Reaction 7.3 (overleaf). 




NO, 

(7.3) 



Nowadays nitration of toluene is a continuous process where ml 

otIicVend'TI 6 r “ Cl ° r - n ‘ ° ne C " d a,,d ‘nnilrololiieiie is produced at the 
other end. The n.tralmg acid Hows in the opposite direction to the 
toluene and is topped up as required at various points .Stirring of .he 
eac ants plays an important part in the reaction since h s^up Z 
nitration process and helps to increase the yield. 

s,.lim Ud r C TNT | conli,i " s ' Sl),,, crs and nitrated phenolic compounds re 

"V" cl hiul of , unification is lo ircal 

I NT with 4 /n sodium sulfite solution at pll 8 9. which convcrls 
.he u. Kh 

These by-products aie then removed by washing wiih -in 1 

P "" TN 1 « washed win, ht 

SSEi™ 

bim y wi,„ 

nilricacid* «*ry s udhmj from otgnnic so | vel , ls ' „ 62% 



1 A I B (l,3,5.Tria,niito.2,4,6-triiii l robenzene) 

ESSL* Pr ° d ' , ' :ed ^ 




(7.4) 
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Triclll0r ° 2 ' 4 ' 6 ’ ,rillilrohcnzene is P rc P ;iretl by I lie nitration of 
trichlorobenzene with a mixture of nitric acid and sulfuric acid. 1.3,5- 
Tnchloro-2,4,6-trinitrobenzenc is then converted to l,3,5-trinilro-24 6- 
tnaminobenzene (TATB) by nitrating with ammonia as shown in Reac- 
tion 7.4. The yellow-brown crystals of TATB are filtered and washed 
with water. 



Nilric ncid ami 
cone, suirurlc acid 

► 

°C for 18 hours 



I richloi ohen/rne 





Aintnoi)i:i nml 



R TATB is an explosive which is resistant to high temperatures, and 
IHl^refore used in high-lcmpcrature environments or where safety bom 
accidental files is important. TATB is extremely insensitive to initiation 
shock and requires a large amount of booster to initiate it. TATB is 
Wherefore regarded as an insensitive explosive and will most likely re- 

and . RDX in future explosive compositions. However, the 
Most of TA TB is live to ten times greater than the cost of MMX. 



H ■ HNS (llexanitrostilbcne) 

(7.5) can be prepared by many methods: these include the reaction 
Of nitro derivatives or toluene with benzaldehyde. the reaction of nitro 
erivatives of benzyl halogenidcs with alkaline agents by removing 
ydrogen halogenidc, and the oxidation of nitro derivatives of toluene. 

N(>2 OjN 

h / - \ 






NO 2 0,N 
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The rust reaction in.ol.es heating together a mixture 
- nd trinitrobenzaldehyde at temperatures of 160- 70 C, and then 
allowing the mixture to cool for two hours. The resultant product is a 
low vicld of hexanitrostilbene(HNS). An increase in the yield of HNS 
can be achieved by reacting 2,4,6-trinitrobenzyl halogen.de with potass- 
ium hydroxide in methanol as shown in Reaction 7.5. 



° 2 N _< 0/ 



-CH 2 Br 



Potassium hydroxide 
in methanol 
(steam bath) 



I! 

I ] 






I- 1 



^ 0jN— 






NOj NOj 

Cl 



° iN ^ cM h "*-(0 



0 2 NO 



•to 2 o 2 n 



o 




HNS can also be prepared by the oxidation or TNT with soduun 
hypochlorite. Ten parts of 5% sodium hypochlorite solution are mixed 
Sailed solution of one part TNT in ten I*rt. J.rth.no 
solution is allowed to stand at ambient temperature until HNS prect| 
ales as a fine crystalline product. HNS is then recryst.ll. Z ed to 
nitrobenzene to give pale yellow-coloured needles. The mechanism! 

the reaction is presented in Reaction 7.6. 

HNS is often used in military explosive cornpos.Uons as a cm 

modifier for TNT. Around H% of HNS 15 added l ° T 

that on cooling, small, randomly-orientated crystals areforme . 

small crystals have a high tensile strength and prevent the TNT com 
sition from cracking. ,a 



nci on 



Oj NO, 



0jN ~(^I^ C,l=Cn -^0>-NO J 



Oj NO/ 



O-NITRATION 

Nitroglycerine 

jtroglycerine(7.6) is prepared by injecting highly-concenlraled glycer- 
einto a mixture or highly-concentrated nitric and sulfuric acids at a 
ntrolled temperature. 



II c-o-no, 
ii <: -o-no, 

II C O NO, 




mixtures are constantly stirred and cooled with brine. At | he end of 
reaction the nitroglycerine and acids arc poured into a separator. 
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where the nitroglycerine is separated by gravity. Nitroglycerine is then 
washed with water and sodium carbonate to remove any residual acid. 
The cleaned product is immediately processed to avoid bulk storage of 
the hazardous material. The manufacturing process of nitroglycerine 
can be adapted to be a continuous process by continuously feeding fresh 
mixed acids into the reaction chamber as the nitroglycerine and used 
acids are removed. This method produces a high yield of nitroglycerine 
with little formation of by-product. The chemical reaction for the pro- 
duction of nitroglycerine is shown in Reaction 7.7. 



CII 2 OII 

CIIOI l + 3 IIONOj 

cL' 1 I z O!I 



CHjONOj 

(IhONOj + 3II 2 0 

CHjONOj < 7 - 7 ) 



Transportation or nitroglycerine and similar nitric acid esters is very 
hazardous and only permitted in the form of solutions in non-explosive 
solvents or as mixtures with fine-powdered inert materials containing 

not more that 5% nitroglycerine. . . 

Nowadays, nitroglycerine is not used for military explosives; it is ° n X, 
used in propellants and commercial blasting explosives. Being a liquid^ 
at room temperature it pours easily into its container. However, whem 
used as a propellant it suffers from irregular ballistic performances. IMS 
is due to the liquid being displaced as the shell is rotating. Nitroglycerin* 
is also very sensitive and can easily be initiated. T herefore, it is alWIW 
desensitized by absorption into Kieselguhr to give dynamite orjj* 
gelling with nitrocellulose to produce commercial blasting gels. tjg 



Nitrocellulose 



CHjONOj 

c o 

/I \ 



NOj ll\H 



ii n \ — / vi-avrj ** \v 

V C c t | 

-O-— I \oNOj h/h h\h /'-O 

v — \ v — ° 

I! 6 nOj CHjONOj _| J 



The manufacturing method used today for the nitration ora 
employs a mixture of sulfuric and nitric acids. During nitraUOi 
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Nitrocellulose can be quite hazardous ir left to dry out completely; 
therefore, it is usually stored and transported in 30% water or ethanol 
Nitrocellulose is often dissolved in solvents to form a gel. For example, 
commercial explosives used for blasting purposes contain nitrocellulose 
dissolved in nitroglycerine, and some gun propellant compositions con- 
tain nitrocellulose dissolved in a mixture of acetone and water. 

The degree of nitration plays a very important role in the application 
of nitrocellulose. Guncotton contains 13.45% nitrogen and is used in 
the manufacture of double-base and high energy propellants, whereas 
nitrocellulose used in commercial gelatine and semi-gelatine dynamite 
contains 12.2% nitrogen. 



PFIN (Pentacrythritol telraiiitrale) 

[PETN (7.8) is prepared by nitrating pcntaerylhritol. 

o 2 n-o-ii 2 c cii 2 o no 2 
'c' 

r o 2 n o ii-.fr' 'cii,-o no. 



'entaerythritol is made by mixing formaldehyde with calcium hydrox- 
dein an aqueous solution held at 65 70 C. Nitration of pcntaerylhritol 
ii be achieved by adding it to concentrated nitric acid at 25 31) C to 
&rm PETN. The crude PETN is removed by filtration, washed with 
ter, neutralized with sodium carbonate solution and recrystallized 
pi acetone. This manufacturing process for PETN results in 95% 
lid with negligible by-products. The process is summarized in Reac- 
P 7.9 (overleaf). 

*ETN is used in detonating cords and demolition detonators. In 
jfonating cords PETN is loaded into plastic tubes. PETN is also 
;ed with TNT and a small amount of wax to form ‘Penlolite’ mix- 
es. Pentolite mixtures are used as booster charges for commercial 
fSting operations. 
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Rl)\ (Cyclofrimclltyleiielrtni(ramiiie) 

The simplest method of preparing RI)X (7.9) is by adding hexa- 
methylenetetramine to excess concentrated nitric acid at 25 C and 
warming to 55 C. RDX is precipitated with cold water and the mixture 
is then boiled to remove any soluble impurities. Purification or RDX is 
carried out by recrystallization from acetone. 



IljC 

OiN-N 



cn, 

,N-Nt) 2 






K* . 

5 i 



The chemistry of the preparation of RDX is highly complex When 
hexamethylenetetramine is reacted with nitric acid, hexamethylenetet- 
ramine dnnlra.e is formed which is then nitrated .0 form an in.crmedi- 
ate Compound I as shown in Reaction 7.10. 
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Hexamethylenetetramine 



Hexamethylenetetramine dinitratc 
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«"V>*4N,,, NOj . 

*~«H„N 4 + 4HNO, + 6CH,C'i 

QH, 2 Nj + 4IINOj 



NO, 
N. 
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«TH,COOH + JH (, 



ii,c" 

o,N-i 



CII, 



f'h 

L:" ,i < n °>*ku 1 o 



( 7 . 14 ) 



f ^IuN^iinoj + 



^NIIjNOjIINO,) + , /fll , 

^ *(( HjC 0),0 



NO, 
,N 



» 2 r^ X „ 

II 

'•^N , I N( I ' 1 2 (t || ,( 



i< OOII) 



< II, 



( 7 . 15 ) 
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Manufacture of Explosive 

S’ “ “ *" «- — - 

10 Sivo IIk A-fcrm Zmx " M ‘ "**>*»* 

ignition temperature mid^hTrerluV'-V'^^'r P ° in ‘ is Very close to 'is 
osod with TNTfor casting ledm^ues^lIMX^ " »„ ho 

used with phlegmatizing binders MM \ 1“ *" Very “nsitive and is 

melting temperature than RDY ..„d is ' S * S .' g, j y ,1lp,ler density and 
respect to its performance S^ r ’ 3 be,tci explosive with 

times greater than RDX. Is approximately three 
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Mitrogiiaiiidine 
K' Nitroguanidine ( 7 . 1 1 ) exisis in ..i i 

Informs. le:,sl ,wo crystalline forms, the «- and 



Nil, 

N 1 1 -( 

NII-NOj 
(7.11) 

[fated Sric^cid and ^ m,ri " c conecn- 

Bom hot water. Long, ihi„ flexible |„!i Wfl,Cr bcr ° rc crystallizing 
MUgh, are formed. This is the most’- ,,OUS ' lcct,,cs - which are very 

Blosive industry. The /J-form m i v I U mi,lt> " f ° mi imtl is usc d in (he 

^guanidine sulfate and ammonium mlf-i?' h> ni,ra,i " 8 a n,ixll, rc 
Rt er to form fern-like clusters of snnll ?r" d C . ryS,a,,mn f ! fr(,| n hot 
EQrm may be converted into the a form lJ r'c C Ong!,tcd P |; "cs. The 
furic acid and immersing in excess w Y T Jvmg ,n ™ e ”‘™'cd 
pal size so that it can be mcornor . / ' °' dcr lo r ^' ucc 'he 
^solution of nitroguanidine is snnvr \ ° C0,,0klaI P ro Pelhints, a 

flowed to cool in a stream of cold a t°T| o " C< 7' ed mcta,lic Sl,lf: '^ 
jyine powder. The reaction scheme I e . resu,lanl '"troguanidinc 

Pdine is presented in Reaction 7.17 lc P re P a ration of nilro- 
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Ammonium Nitrate 

The most common method of manufacturing ammonium nitrate is by 
injecting gaseous ammonia into 40-60% nitric acid at 150°C as shown 
in Reaction 7.18: 

NH, + HNO, -> NH 4 NO, (7.18) 

Dense ammonium nitrate crystals are formed by spraying droplets of 
molten ammonium nitrate solution (>99.6%) down a short tower. The 
spray produces spherical particles known as ‘prills’. These crystals are 
non-absorbent and used in conjunction with nitroglycerine. An absorb- 
ent form or ammonium nitrate can be obtained by spraying a hot, 95% 
solution of ammonium nitrate down a high tower. The resultant spheres 
are carefully dried and cooled to prevent breakage during handling. 
These absorbent spheres are used with fuel oil. 

Ammonium nitrate is the cheapest source of oxygen available for 
commercial explosives. It is used by itself, in conjunction with fuels, or 
with other explosives such as nitroglycerine and TNT. 

PRIMARY EXPLOSIVES 'M 

Manufacture of primary explosives is very hazardous and accidents^ 
such as explosions can occur during the preparation. Therefore striq^i 
safety procedures are always adhered to. 

>£■ 

4 

Lead Azide 

Lead azide (7.12) is prepared by dissolving lead nitrate in a solutioh 
containing dextrin, with the pH adjusted to 5 by adding one or tWoj 
drops of sodium hydroxide. ;a ! 

r (£ 

n=n+=n * itm 



N=N+=N' A 

<7- 12 ) 

ft" 

This solution is heated to 60-65 °C and stirred. Sodium azide dissoli? 
in a solution of sodium hydroxide is then added dropwise to the j 
nitrate solution. The mixture is then left to cool to room temperd| 
with continuous stirring. Lead azide crystals are filtered, washed 
water and dried. This process is presented in Reaction 7.19. 
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^ crystals should be spherical in 
agenfiwhmh pr c- venls 7 t'he A " x^u'r 0 ' ° r , f | 3CX ‘ ^ “ ad<Jed as a col, «^ng 

Mercury f ulminate 

xzrz 

accompanied by the evolution of al r . kcs p:icc wl,,cl ' is 
rumes and finally again by whijfumcs At Th'- ^ ^ brownis, '- rcd 
mercury fulminate are formed Tte ^ "T ^ ” f 

w.th water until all of the acid is removed. recovcrcd "ashed 

(CsNO),||ji 

(7.13) 

— • 

Reaction 7.20. c 1 ' mci * l,Uc s[ cps are presented in 



l 1 Oxidation „f ethanol to cthanal 

| CH,C,,I ° H + ,,NO ' CHjCIIO + HNOj + n i0 

I - 

4. Oxidnlion of isonilrcKopi hen'll • 

hon=ch-c;ho -* IION=cH.cooII ,, a "° ic acid 

S 5 "S “ f - «*■ "> 

I HON =CH-COOH -> C=NOH + HCOOH 

■I 6 Formation of mercury fulminate 
2C=NOII + Ilg(NO,)j -> (CsNO)jHg + 2IINO, 



2Na(N,)i (aq , + Pb(NO,)j,.„ -> Pb(N,) 2( „ + 2NaNO„. q , 



(7.20) 
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Tetrazene 

Tetrazene (7.14) is prepared by dissolving sodium nitrite in distilled 
water and warming to 50-55 °C. An acidic solution of aminoguanidine 
sulfate is then added and the mixture stirred for 30 min. A precipitate of 
tetrazene forms, which is decanted, washed with water and then alcohol, 
and dried at 45-50 "C. 



N — N. 



\ 



N — Nl^ 



'c-n=n-nh-nh-c-nh 2 h 2 o 






and/or 



N N. 



\r-NH-NH— N=N— C-NH 2 -1 IjO 

I / Hit 

N — NH 

The mechanism for this reaction ^presented in Reaction 7.21. 



UN II HN [H 
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NH— N 



h 2 o 



If 

The rate at which the aminoguanidine sulfate is added to the so 
of sodium nitrite determines the size of the tetrazene crystaj* 
aminoguanidine sulfate is added quickly, small crystals are 
whereas large crystals are formed when the solution is in 
slowly. Dextrin can be added to the reacting solution to obtai 
uniform cryslal size. 
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C OMMERC ME EXPLOSIVE COMPOS! I IONS 

Ammonium Nitrate 

Ammonium nitrate based explosives in- OP „„mii, . r 
tunnelling and mining. They are mixtures quarry, ng. 

carriers such as wood meal , of ammonium mtrale, carbon 

tssssSSSgEtt* 

afHSSS 

it, allow Hi' oil to soak l»l<> Ihc amin lc M,eA N I O n.jxturc 

* - » 

^Highe^densi t y " a n K0m ^ n bccoi »<* »" explosive subsla, ck 

;ol mixtures. An, numif, nwlil "<a <■" J nitro- 

ih rg(; „dwa, er . ra i s 

,s a coating around the ammonium nitrate crystals. 



Ammonium Nitrate Slurries 
^omum nitrate slurries can be either prepared m the factorv t 

Ammoniurn'nil^ sluTifcs°consLt a of a^sTl^ra!^ ^ 

^•MAnTtIiTs lohuT 6 'T D ’ a " d 0,l ’ Cr " itrales {U ^‘'Xniine 

fb" “"r ,T r ,' 1 '' , “ r 1 f,,d ,s *•*"»».> 

U.ric r , , , SUC| ' as f )"' 1 »l'.. 1,0 on,,, loved 

Ufnes can be made more sensitive by adding either 1 NT. PI | N 
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Table 7.2 Summary of dynamite compositions 



Gelatine dynamite 

Gelatine dynamite 25-55% Nitroglycerine, Inorganic nitrates 

1-5% nitrocellulose, 
woodmeal 

Semi-gelatine dynamite 15-20% Nitroglycerine, Inorganic nitrates 
1-5% nitrocellulose, 
woodmeal 

Gelignite 25-55% Nitroglycerine, Sodium or potassium 

1-5% nitrocellulose, nitrate 
woodmeal 

Ammonia gelignite 25-55% Nitroglycerine, Ammonium nitrate 

1-5% nitrocellulose, 
woodmeal 



Ammonia gelignite 



Non-gelatine dynamite 

Non-gclalinc dynamite 10-50% Nitroglycerine,- Sodium or potassium 
woodmeal nitrate j\‘ 

Ammonia dynamite 10-50% Nitroglycerine, Ammonium nitrate * 

woodmeal , 'H 



etc., or by introducing finely-dispersed air bubbles in the form of ai 
filled microballoons. 



Ammonium Nitrate Emulsion Slurries , t 

Ammonium nitrate emulsion slurries contain two immiscible phal 
the aqueous phase which supplies the majority of the oxygen foil 
reaction and the oil phase which supplies the fuel. Emulsion slurrie 
based on a water-in-oil emulsion, which is formed from a satui? 
aqueous solution of ammonium nitrate in a mineral oil phase. Emu 1 
slurries can be made more sensitive by adding air-filled microball 
The density of the emulsion slurries is slightly higher than water,, 
therefore resulting in a greater performance. Emulsion slurries cafl; 
be prepared in the factory and loaded into cartridges or mixed 6 
and pumped down the shot-holes. 

m 

c'm 

Dynamite • 

Dynamite is a generic name for a variety of explosive comp 
These compositions can be divided into two categories; gelatin 
mite and non-gelatine dynamite, as shown in Table 7.2. 
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Gelatine dynamite is prepared hv r . 
glycerine al 45-50‘c to fo, , J in nitre 
by large, vertical mixer blades similar , 15 continuously stirred 

the gel is formed „, e ■ l™d-,na k i„ g n.aclti o ,« 

* «trueled or pressed "*»re added. Tlte explosive „n,m“ 

eMp ' Itai 



r r, mr 1 

additives to gnccxnl J m,xed *<<h other explos, ■ ' SC 

I 7 ‘o give explosive conipositinnc i , t ~w"osive or inert 
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Casting 

he technique of casting is used for t,,., , 

fge containers. Casting csscnli-illv • ' ,IIJi c *ph’sive compositions 

lldify by cooling, Although the „ ’ IL1 " lcr ■«! leaving i, 

|rs Of development to optimize the nrn” S ” Unds S ' mp,e '* ‘'as taken 
•ntages of casting are that the density of M? SS,n8 coni, ' t,ons Thedisnd- 
E as £ ressed 0r compositions .| asl co,n D OSJt *ous is not as 

^ * en the composition shrinks on s ,' < ' l ( Crac,cs can sometimes 

position whtch is more sensitive, an d S' resul, "’P ", ;1 

f‘ ,le during solidification resulting °' U ' mgred «'enls tend 

^positions which have ignition m g m,lo ")ogeneity. Explosive 
fc-ures cannot „ e to thetr S" 

■s is simple, cheap, flexibleand produces h‘ °l Cas,, "H arc that the 

Kplostve compositions which am Ucesh, 8 h production volumes 

& TNT, which has a relatively low met, ^ CaSling ecnera/ly 
f e e r d if ignition tempeSu^^f ! em ^a,ure (80 
Sere used for casting in the Second w t L ' lrge quantities of 
« ammonium .late to g v " amaT'? W " r ™T was 
lumirnurn to give ‘minol’. Today TNT •’ ° f a T°" il,m »*«rale 
Bior cast compositions, ft is used in I f USCd as an c "crgeti c 
ffium and ammonium perchlorate '" d (< ’ ge "’ er RD X MMX. 
Manufacturing process for the castino r . 

'c,,c,,,.s,;s;::~^ r 
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‘ Chapter 7 

niques to produce a homogenous, solid composition. The purity and 
size of the explosive crystals are carefully monitored and the complete 
product is subjected to X-ray analysis for the detection of cracks. 
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Pressing 

I he technique of pressing is often used for loading powdered explosive 
compositions into small containers. Pressing does not require very high 
temperatures and can be carried out under vacuum. The whole process i 
can be automated resulting in high volume productions. However, the j 
machinery is expensive and the process is more hazardous than casting. A 
The explosive compositions can be pressed directly into a containeraj 
or mould, and ejected as pellets as shown in Figure 7.3. 

Variations in the density of the pressed compositions do occur, par® 
ticularly near to the surface resulting in an anisotropic product. Pressings 
in incremental stages or using two pistons can reduce these variations ass 
shown in Figures 7.4 and 7.5, respectively. 

When dimensional stability, uniformity and high density are essentia® 
to the performance of the fabricated explosive composition, hydrostatic® 
and isostatic pressing can be employed. In both cases the explosive® 
composition is compressed by the action of a fluid instead of a piston.<|jH 
hydrostatic pressing the explosive composition is placed on a soliw 
surface and covered with a rubber diaphragm as shown in Figure 7.6.^& 
isostalic pressing the composition is placed in a rubber bag which is 
immersed into a prcssurizable fluid as shown in Figure 7.7. 
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Figure 7.3 Schematic diagram of pressing using a single piston 
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